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Abstract
This project was undertaken to measure the relative numbers 
of -ve pions caotured onto carbon, nitrogen and oxygen in a 
number of mostly organic compounds. The results have been used to 
investigate the validity of the Fermi Teller law. Dosimetry "r."" 
calculations, currently being used to plan -ve pion radiotherapy 
treatment, are based on the predictions of this law. Results 
from this •experiment: show it to be incorrect for organic 
molecules.
The results have also been used to guide the development of a 
previously existing molecular model of pion capture. A cascade 
calculation has been undertaken in order to gain further insight 
into the pionic capture and cascade processes and to determine 
whether or not certain p r o c e s s esneglected for the purposes of 
the capture ratio calculation, were truly negligible.
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Chapter 1 «*»»»»»»»» Introduction
1.1 Introduction
A pion is a strongly interacting particle with a mass 273 times 
that of an electron. It exists in three charged states but only the 
negative state is dealt with in this work. The rest mass of the -ve 
pion is 139.579 MeV and the mean lifetime is 2.603 x 10®s. Interest 
in the pion as a tool for radiotherapy began some 21 years ago with the
publication of a paper by Fowler and Perkins (Fowler and Perkins 1961)
but it is only comparatively recently that -ve pion facilities, with 
sufficiently intense beams for clinical studies, have become available. 
Clinical trials have been carried out, or are being carried out, at the 
following centres; S.I.N. in Switzerland, LAMPF in the United States 
and TRIUMF in Canada.
The pion, in common with all heavy charged particles, travels in 
an almost straight line, losing energy by excitation and ionization, 
until it stops at a certain depth which depends on its energy. The 
rate of energy loss increases greatly towards the end of the range, 
followed by an even sharper fall to zero. The unique benefit of pions 
is that not only do they display the Bragg peak associated with the 
depth dose profile of all heavy charged particles, but they are also 
subject to the strong interaction. This means that atomic capture of a 
-ve pion eventually leads to absorption of the pion by the nucleus 
(neglecting the very small number of pion decays occuring during the 
atomic cascade), which in turn leads to the break up of the nucleus.
This event is known as star formation as the resulting charged
particles,neutrons and gamma rays head off radially from the centre.
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The charged particles emitted are of particular therapeutic value. 
They are short range, densely ionizing particles which makes them 
highly suitable for delivering a localised dose to the region that the 
-ve pions are stopping in. The high linear energy transfer (L.E.T.) 
component of the energy absorbed from these charged nuclear fragments 
is particuarly efficient at damaging the cells associated with tumours. 
This is due to the the relatively high radio resistance exhibited by 
the poorly oxygenated (hypoxic) tumour cells as compared to the cells 
found in normal, healthy tissue. High L.E.T. radiation is 
characterised by a high relative biological effect (R.B.E.) and a low 
oxygen enhancement ratio (O.E.R.), where O.E.R. is defined as the 
ratio of the doses required to produce the same biological effect. For 
these reasons the -ve pion peak to plateau dose ratio (i.e. the tumour 
to healthy tissue dose ratio), corrected for R.B.E., is approximately 3 
for a pure -ve pion beam with momentum spread of 2.5% (Kaju and Richman 
1972). Fig. 1.1 shows the dose contributions to a typical -ve pion 
beam and also indicates the peak and plateau .dose levels. Fig 1.2 
illustrates the effect on dose levels achieved, for the cases of -ve 
pions and four other modes of radiation, of the R.B.E. and the O.E.R. 
of the radiation concerned.
Following atomic capture, the negative pion cascades down the 
atomic orbitals losing energy via nonradiative Auger and radiative 
transitions during which X-rays are emitted. The strong interaction 
between the -ve pion and the nucleus leads to a broadening of the 
lowest energy levels. In the cases of carbon, nitrogen and oxygen the 
1s level is broadened to such an extent that experimental intensity 
measurements are very difficult. For this reason it was decided" to 
determine the capture ratios by measuring the pionic Balmer X-ray 
series rather than the Lyman series. For muons, where the strong 
interaction is absent, the Lyman series was measured.
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Fig. 1.1
The calculated dose contributions 
of a -ve pion beam.
The -ve pion curve excludes the star contribution. 
Ions refers to charged particles heavier than a proton. 
(Wright et al. 1979)
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are hypoxic. — - 
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 —  Dose equivalent (oxygenated cells)
 . . . . .  Dose equivalent (hypoxic tumour cells).
In order to calculate the doses absorbed by stopping -ve pions in 
various materials, it is necessary to know the relative probabilities 
of capture of the -ve pion on the elements present, mostly carbon, 
nitrogen and oxygen in the case of animal tissue. This is because 
although the neutron spectra produced by stopping -ve pions in, say 
carbon and oxygen are quite similar,. the charged particle spectra 
produced are very different (Munchmeyer 1979)* (Henkleraan ~ 1982). The 
number and mean energy of charged particles produced by capturing -ve 
pions on oxygen are significantly less than in the case of carbon. It 
is therefore necessary to know the relative probabilities of capture of
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-ve pions on carbon.nitrogen and oxygen in order to be able to carry 
out accurate dosimetric calculations. Previously most calculations of 
this type have used the capture ratios predicted by the Fermi Teller 
law (Fermi and Teller 1947). These predictions have however been found 
to be in disagreement with experimental results for certain classes of 
materials.
This project was originally embarked upon with the following 
objectives in mind;
1.) To determine experimentally the relative
capture ratios for -ve pions on the important light 
elements (carbon, nitrogen and oxygen) present in 
certain pig tissues and. in human tissue equivalent 
materials as well as in a number of chemical 
targets chosen to yield information on -various 
aspects of the capture-process. ~
2.) To use these experimental capture ratios to
test the validity of the Fermi Teller law and its
derivatives (see section 6.3.1+table 6.5).
3.) To investigate what role, if any, that
hydrogen transfer plays in the capture process.
4.) To investigate whether or not the predictions
of a mesomolecular model might fit the experimental
data more closely.
5.) To determine whether or not stopping -ve pions
and -ve muons (separately) in the same target gives
the same capture ratio.
6.) To undertake a complete cascade calculation by
fitting the experimentially measured intensities of 
the Balmer series from certain targets to the 
intensities of the corresponding transitions as 
predicted by a mathematical simulation of the 
cascade process. The initial angular momentum
(A.M.) distribution leading to the best fit will 
be used to attempt to gain insight into the capture 
process.
To use the output of this best fit
distribution to predict the intensities of
transitions not measured, i.e. Lyman series 
transitions and Auger transitions, and also to 
predict how many pions are absorbed before they 
make either a Lyman or a Balmer series transition. 
This information is necessary to check the validity 
of certain assumptions implicit in the method of 
measuring capture ratios employed here. -
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2.1 Target holders
Prior to making the trip to Vancouver I designed and had made a 
set of target holders. These were of two types; one for solid targets 
and one for liquid and semi-liquid targets. Both types were designed 
to fit onto a pole which would be permanently fixed just below the 
irradiation position.
The target holders were constructed of aluminium becauseof its 
physical and chemical properties i e. it is light, strong and slow to 
form compounds. It also contains no carbon, oxygen or nitrogen. There 
were a couple of overlaps between the pionic aluminium and the pionic 
oxygen lines but these were easily accounted for (see section 4.-1).
Fig. 2.1 
Solid target holder 
with target in position.
The solid target holder was simply a base that fitted onto the 
positioning pole with a vice grip for holding the target. The only 
part that was not made of aluminium was a small brass screw at the 
bottom and this was shielded from direct beam.
The liquid and semi-liquid target holders consisted of an open 
rectangular frame with dimensions 138 x 60 x (10, 20 or 3 0) mm , 
there were three different thicknesses (see section 3.3.2). The frame 
was held together with silicon sealant and was completed by sticking a 
25 VM thick sheet of aluminium foil across both faces of the target 
holder, thus enclosing the target. Silicon sealant was chosen, again 
for the lack of carbon, oxygen or nitrogen in its composition and also 
because it is moisture tight and reasonably fast drying. On completion 
of irradiation the sheets of aluminium were ripped of and the frame was 
cleaned for the next target.
138 mm
60 mm
Fig. 2.2 
Liquid and semi-liquid target 
holder, actual size.
The intersecting LASER system and a protractor were used to ensure 
consistent positioning of the target. Some variability in the target 
position was inevitable and was evidenced by the variation in the level 
of aluminium contamination. This however had a minimal effect on the 
capture ratios as the aluminium was not involved in compounds with the 
hydrogen, carbon, nitrogen or oxygen present to any significant extent.
2.2 Selection of targets
2.2.1 The dicarboxylic acids
The dicarboxylic acids were chosen as they provide a set,of targets, 
containing only hydrogen, carbon and oxygen, whose molecular structure 
changes systematically from member to member,. They should therefore 
provide a good test as to whether or not molecular structure influences 
pionic capture in compounds. They also constitute one of the three 
essential ingredients of biological tissue, i.e. they are saturated 
fatty acids. The other two essential ingredients being carbohydrates, 
represented by the saccharides, and proteins, represented by the amino 
acids.
The general molecular formular is;
C00H.(CH2)n.C00H (n = 0,1,2,...etc.).
For example
uritspoei 'c.
0 OH
V; c
I
CHZ 
CHa 
CHj.
C
/\
0 OH
Apart from their usefulness in investigating general chemical 
effects, the variation in the proportion of hydrogen contained makes 
them usefull tools to probe the possible role of hydrogen in pion 
capture (see section 5.2.3).
The chosen members of the group in ascending njwere;
1)
2)
3)
4)
5)
6)
Oxalic acid (not irradiated due to mechanical breakdown) n = 0
Malonic acid n = 1
Succinic acid n = 2
Glutaric acid n = 3
Adipic acid n = 4
Pimelic acid n = 5
GLUTARIC ACID
COOH |CH2yC00H
2.2.2 The saccharides
The saccharides, apart from their significance as an important 
component of biological tissue, are all lyoluminescent and are also 
often assumed to be tissue equivalent. For these reasons they, 
particuarly mannose and trehalose, are at least potentially important 
in dosimetry. We wanted to test if this tissue equivalence held good 
for pions. These chemicals also display optical isomerism enabling us 
to investigate the effect on pion capture of structural differences 
between compounds with the same elemental composition.
The molecular structure of the saccharides is characterised by 
chains of carbon atoms for example;
MANNOSE GLUCOSE
CHO
OH C H
OH—  C—  H
H C OH
H C OH
CHO
H C OH
OH—  C H
H C OH
C OH
ch2oh ch2oh
The chosen members of the group are;
1) D(+) Xylose C5H10°5
unapter^ i I c ^ a i  a  L/Ui y n v i  rv
2) D(+) Glucose C6H1206
C6h 12°63) D(+) Mannose
D(+) Sucrose C12h22°11 
^1oHooOi12HoO5) D(+) Trehalose dihydrate 12 22 11 2
2.2.3 The acid anhydrides
The acid anhydrides were chosen for their usefullness in 
investigating the role of hydrogen in pion capture. This is due to the 
large variation in the proportionate amount of hydrogen present in 
compounds with similar molecular structures. They were also considered 
to be of use in investigating the effects of the presence of double 
bonds.
The chosen Members of the group were;
0
CH
MALEIC ANHYDRIDE 
(from the unsaturated acid
0
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GLUTARIC ANHYDRIDE n = 3 
(from the saturated acid)
SUCCINIC ANHYDRIDE n = 2
2.2.M The amino aids
The amino acids are proteins. They also provide extra information 
as they contain nitrogen. Information on the effect on pion capture in 
the presence of a heavy atom is given by cysteine which contains a 
sulphur atom. The character of the amino acids is strongly influenced 
by the side chain denoted by R.
The structure of the ionised amino acids is illustrated below;
H
C-----— -COO”
R
Glycine R = -H
DL-a-Alanine R = -CH3 
R =-CH(CH3)2 
R = -CH20H
DL-Valine
L-Serine
L-Cysteine R = -CH2SH
2.2.5 The tissue equivalent targets
This group of targets was selected for the obvious reason, that is, to 
test whether or not their tissue equivalence extends to pions. The 
targets chosen were those considered to be of most importance in pion 
dosimetry. Water is included in this group but due to the lack of 
carbon, no capture ratio was obtainable. Water was also important as 
it was the closest we could simply come to a pure oxygen target, which 
was desirable for purposes of comparison.
In general, a material considered to be tissue equivalent for 
photons and electrons is one in which both the mass and the electron 
densities are matched,; as closely as possible, to those occuring in 
tissue. To extend the tissue equivalence to neutrons it is necessary 
to match the neutron cross sections as well, and a further extension to 
include pions means that the capture ratios in the T.E. material must 
also be matched to those found in tissue.
The tissue equivalent group consisted of;
1) T.E. liquid-------- This consists of a mixture made up of 58.14%
water 7.56% urea and 34.25% glycerol. All 
percentages are by weight.
2) T.E.plastic  -------Also referred to as A - 150 plastic or Shonka
plastic (Shonka et al. 1959).
3) Perspex —   Formally called polymethymethacrylate
^C5^8°2^n* and also called lucite.
PU)S> t h e  X - " r SLtte.riUi3Lt\0r) coefficient «=U7cl the.
Stopping
»- i i  c ^ a i  a i / u i  j f  w u i  k . r a g e  im
2.2.6 The pig tissue targets
The pig tissue targets were considered to be of biological interest due 
to the similarity between pig and human tissue , with the exception of 
fat (see sections *1.4 and 6.4.2). We intended to use the data 
collected from these targets to test the assumption, implicit in many 
-ve pion dosimetry calculations, that the capture ratio is reliably 
predicted by the Fermi-Teller Z law (Fermi and Teller 1947).
All of the tissue samples were taken from freshly killed mature
pigs. The samples were sealed in plastic bags and stored at just above
freezing point, to prevent dehydration, until required.
The pig tissue samples irradiated were;
1) Muscle (two samples from different pigs)
2) Fat (as above)
3) Kidney
4) Brain
5) Liver
6) Lung
2.2.7 Miscellaneous group
1) Graphite----------- This was chosen to give us a pure carbon
target for comparison.
2) Carbon dioxide ------ Simplicity was the main appeal of this target,
the molecule consists of a basic linear chain 
(0=C=0). The absence of hydrogen also 
contributed to its usefullness.
3) Sodium fluoride ----- Here again simplicity was the main attraction.
v
unapuer*: ri epdi di/Ui y wui n l U J ,V .
The presence of an ionic bond was also of 
interest (Na+— F“)
M) Beryllium ----------  This was included to enable a background
subtraction to be made.
5) Aluminium--------- This also was included for subtraction
purposes.
2.3 Preparation of targets
Most of the chemical targets were in a powder form. Preparation 
of a target for irradiation consisted of closing one side of the open 
frame of the target holder with aluminium foil packing in the powder 
and then closing off the other side. Packing densities were measured 
by weighing the target holders with and without the target material.
The carbon dioxide target was in the form of dry ice and presented 
particular problems.Firstly in cutting a target sized rectangle, and 
secondly in preventing it from sublimating in the very warm 
experimental room during irradiation. To minimise this second problem 
the dry ice was partially enclosed in a polystyrene container with 
aluminium windows and a jet of nitrogen vapour was directed into this 
container. The success was only partial as evidenced by the visible 
reduction in the size of the target after completion of irradiation. 
This difficulty is reflected in the size of the error bars on the 
figures calculated from data generated with this target.
The tissue samples were taken from the cold room just prior to 
irradiation, minced, to form an homogeneous, soupy mixture, and sealed 
into the target holder. During this process great care was taken to 
avoid losing any water from the samples.
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3.1 Facilities
TRIUMF consists basically of a 500 MeV sector-focusing cyclotron 
accelerating -ve H ions. The extracted beam energy is continuously
variable from 180 to 520 MeV and the maximum beam current is 100 VA, 
although an increase to 600^A is planned. Extraction of the beam is 
achieved by passing the -ve H ions through two thin aluminium or carbon 
foils. This process strips the two electrons leaving +Ve H ions which 
curve away from the -cyclotron. Two foils are necessary as two beams 
are extracted. One beam is delivered to the proton hall, the other . to 
the meson hall.
01 B1
□
T2
(Production target)
B Dipole magnet
0 Quadrupole magnet
S Sextupole magnet
Fig. 3.1 
Arrangement of the
beam line magnets.
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The pions are produced in a berylium target. The beam line 
(Harrison and Lobb 1973)» (Henkleman et al. 1977) » which selects, 
focuses and delivers -ve pions to the irradiation position, consists of 
nine electromagnets (see fig 3.1). It has an evacuated beam path with 
blades in the dispersion plane for momentum selection. It is capable 
of providing pions of any momentum from 20 to 210 MeV/c. The momentum 
resolution is 1.5%AP/P and the momentum acceptance is ±6.7% a P/P* ^
has an angular acceptance of 10 millisteradians. The composition of 
the beam has been determined using time of flight methods (Skarsgard et 
al. 1976) and it has been shown that the contamination is strongly 
momentum dependent.At 170 MeV/c the beam contains 25% electrons and 5% 
-ve muons.
The -ve pion beam described above is not the one that was actually 
available to us. Several compromises, necessary to fit in with the 
other researchers using the facility, were unavoidable. The actual 
beam used was more highly contaminated than stated above as it was 
necessary to set up the experiment behind the designed irradiation 
position (as explained in section 3.2). Furthermore momenta below 170 
MeV/c were unavailable (as explained in section 3.3.2).
For this experiment the beam was tuned to 170 MeV/c which, with a 
proton beam current of 30 pA produced an incident flux of approximately 
2 x 10® particles/sec at a distance of 3 m from the final focusing 
element of the beam line. The tuning of the beam and running of the 
channel was greatly simplified by the computer control of the beamline 
which is implemented using standard CAMAC interfacing and a modified 
CRT-terminal (Lang et al. 1977).
Fig. 
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3.2 Preliminary work
The experiment was carried out from June until December 1980. The 
basic setup is shown in fig. 3.2, where S1 to S4 represent plastic 
scintillators. S1 to S3 constitute a conventional triples telescope 
and S4 is a veto counter. A particle stopping in the target (or in S3) 
gives rise to a 1234 signal. The resulting pionic X-rays were measured 
by a hyper pure germanium detector (HPGe).
The first task involved finding, preparing, testing and grading 
the scintillators. All of the scintillators had to be wrapped with an 
inner layer of reflecting material to keep the light created by 
detected particles in, and an outer layer of opaque material to keep 
stray light out. The scintillators were checked for light leaks by 
connecting them to a photomultiplier tube, supplied with a suitable 
H.T., placing them in a dark room and observing the output signal on an 
oscilloscope under light and dark conditions.
The gains of the photomultiplier (P.M.) tubes were tested by 
connecting them each in turn to one scintillator and plotting count 
rate vs. H.T. whilst it was exposed to a source. The tubes were also 
plateaued, to determine on their optimum operating voltages, at this 
time. The tubes were graded for efficiency, the most efficient being 
connected to the veto and the least efficient to S1. This was because 
a -ve pion not counted by S1, S2, or S3 merely led to a lower total 
count, whereas a -ve pion passing through S4 without being counted, 
causes the gate on the HPGe dector to be opened when no pionic X-rays 
are expected, thus increasing the noise. For this reason it was 
decided to connect an extra scintillator in 1 and/or coincidence1 with 
S4.
The next task involved the building of a structure to hold rigidly 
the five scintillators and their P.M. tubes, the lead collimator,the
aluminium energy degrader, the target, and the HPGe detector, together 
with its shielding, in position. For shielding we used borated 
paraffin wax to moderate the neutrons, lead bricks to absorb them and a 
thin layer of aluminium to absorb the lead X-rays. The equipment was 
mounted on the frame using an intersecting LASER system to ensure 
alignment.
Due to pressure from competing radiobiological experiments it was 
not possible to set up the experiment at the front of the irradiation 
room where the beam was designed to be focussed. Instead it was 
necessary to set up at the back of the room where the beam was highly 
defocussed. This reduced our count rates considerably and necessitated 
some very heavy shielding.
3.3 Setting up
3.3.1 Timing
As soon as the beam became available all of the counters were 
plateaued in singles and in coincidence. They were then timed in, 
using delay boxes and coincidence units, in the following manner (see 
fig. 3.3)
The signals from S1 and S2 were each fed through a discriminator 
and a delay box and into a coincidence unit. The delay in S2, as 
observed on a scope, was varied so as to sweep S2 across SI. At the 
same time the count rate of the coincidence signal was recorded and a 
delay curve was plotted. This is a graph of the delay (inserted into 
the line taking the signal from S2 to the coincidence unit) vs. count
rate. It is approximately Gaussian in shape and the width of the delay 
curve is the sum of the resolutions of the individual counters.
Ideally, this has the effect of only counting particles which pass
through S1 and S2 with the the same velocity as a pion with the 
selected momentum. Similarly S3 was swept across S1.S2, S4 was swept 
across S1.S2.S3 and S5 was swept across S1.S2.S3.S4. The coincidence 
unit had four standard inputs plus a veto. To obtain the desired 
S1 .S2.S3.S*1aS5 signal we used the setup shown in fig. 3.3.
Much care is needed in setting up the discrimination levels and 
the pulse widths. The discrimination levels were set by looking at a 
raw pulse on a scope and setting the level between noise and signal. 
The pulse widths determine how tight the timing is. Too narrow
settings lead to unacceptably low stopping rates, whilst too wide 
settings lead to high noise levels. S4 and S5 should be set wide
enough to encompass S1.S2.S3 as here it is the absence of particles 
that triggers a signal to open the gate.
LEVEL VETO
COINC.
LEVEL
COINC. VETO
DELAYDELAY
DISC.
DELAY
DISCDISC.
< DELAY DELAY
DISC.DISC.
Fig. 3.3 SI.S2.S3.S4AS5 
Short electronics diagram.
3.3.2 Pion discrimination
As already mentioned the beam has a significant contamination of 
electrons and -ve muons. In this experiment the contamination was more 
severe than the quoted figures due to the increased pathlengh caused by 
our having to set up at the back of the experimental room. Two methods 
were used to discriminate against electrons and muons stopping in our 
target. The first involved ensuring that the middle of the Bragg peak 
due to -ve pions, was situated in the middle of a unit density (in 
gm/cc) target. The second consisted of setting up a time of flight 
signal so that discrimination on the grounds of velocity, as well as 
momentum (by the beam line magnets), was possible.
Range curve
The first method necessitated inserting the correct amount of 
energy absorber in the beam path. Aluminium was used in this 
experiment. In order to determine how much aluminium to use, a range 
curve was plotted. This was done by varying the amount of aluminium in 
the beam path whilst recording the count rate of the stopping signal.
A stopping signal indicates that a particle has stopped in the 
target or in S3. To determine the percentage of particles stopping in 
S3 we converted the three possible target widths (at unit density in 
gms cc”1) into equivalent widths of aluminium and made three large 
plots of the range curve, corresponding to the three targets. It was 
then possible to determine graphically the ratio of the number of stops 
in the target to the number of stops in S3.
Fig. 3.4 
Time of flight spectrum 
Momentum = 148 MeV/c
Fig. 3.5 
Time of Flight spectrum 
Momentum = 160 MeV/c
Fig. 3.6(a)
Time of flight spectrum 
Momentum = 170 MeV/c
\
Fig. 3.6fbl
Time of flight spectrum 
Momentum = 180 MeV/c
S3 STOPS
--------------   = 25%
10 mm. TARGET STOPS
S3 STOPS
  = 8%
20 mm. TARGET STOPS
S3 STOPS
------------------- = 4%
30 mm. TARGET STOPS
These ratios were checked by monitoring the stopping rates with 
and without the target in position giving the ratios;
STOPS IN S3
STOPS IN S3 + TARGET
\
Both methods indicated that the 30 mm. target should be our first 
choice. However there was not sufficient of some of the chemicals to 
fill this target so we settled for the 20 mm. target. 20 mm. refers 
to thickness in the beam direction. This is double the actual 
thickness of the target which makes an angle of 30 degrees with the 
beam. After 79 mm. of aluminium had been inserted into the beam, 
between S2 and S3, the stopping profile had a FWHM of 20 kgm"^. At 
170 MeV/c the range of the pions is approximately 220 kgm”  ^ (Lewis et 
al. 1982).
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Time of flight
The time of flight signal was set up using a machine radio
frequency signal generated upstream of the pion production target and 
referred to as the proton beam monitor (PBM). The timing was initiated 
by the arrival of a particle at S3 and stopped by the subsequent proton
beam pulse. This apparently backward set up is used to exclude
particles that do not reach S3. A time - to - amplitude converter 
(TAC) unit was used to produce a time of flight spectrum. The 
separation between -ve pions and -ve muons increased with decreasing 
momentum (see figs. 3.^ to 3.6). It was therefore desirable to run at 
as low a momentum as possible. However one of the quadrupole magnets, 
Q3, became unstable at any momentum below 170 MeV/c, we therefore 
decided on this momentum.
The -ve muon component of the beam consisted mostly of muons
resulting from pions decaying in flight and therefore had a wide 
distribution of momentum. This made discrimination on grounds of T^OF 
extra difficult. However a useful degree of separation was achieved.
3.^ Signal processing
The TOF signal was put into coincidence with the stopping signal 
and the output will be referred to as the stopping -ve pion signal.
O 1
The count rate was approximately 1 x 10° s which resulted m  
approximately 10 cs”  ^at the M.C.A..
At this point the HPGe dector was installed and the shielding was 
arranged. It proved necessary to ensure that the inner lining of 
aluminium did not come into contact with the detector as this led to 
interference due to pick-up of vibrations.
Fig. 3,8
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Experimental layout.
The pre-amp was an integral part of the detector and the input F.E.T. 
was also cooled by the liquid nitrogen. Fig. 3.7 shows the 
electronics circuit and figs. 3 .8 and 3 .9 illustrate the experimental 
layout.
The output from the detector was fed into a preamp with two 
outputs, one of which was used for timing and one for energy 
measurement. The energy branch goes into the main spectroscopy 
amplifier and from there into the energy input of a 1024 channel 
M.C.A..
The timing branch is fed into a modified discriminator. This is 
used to inhibit very large pulses, probably due to neutron events, 
which tend to distort the baseline. The modified discriminator has one 
standard output i.e. it delivers a N.I.M. pulse for all input pulses 
above the discrimination level, and a second output that is identical 
to the input. The N.I.M. output is passed through a gate generator 
and into the inhibit input of the M.C.A.. The second output signal is 
passed through a timing filter amplifier (TFA), a constant fraction 
discriminator (CFD) and into a coincidence unit with the stopping —ve 
pion signal. The TFA is used as, in this branch of the electronics, 
timing is all important and amplitude accuracy is not crucial. The 
constant fraction discriminator is used to minimize amplitude walk.
The final task in the setting up operation was to combine the 
stopping -ve pion signal with the timing signal. This was done by 
sweeping the stopping signal across the timing signal, using variable 
delays, and looking for the coincidence that would indicate the 
presence of pionic X-rays. It was found that they commenced following 
a delay of some 30 ns after the stopping signal and continued for 
a pproxiraately 90 ns. an appropriate delay and a gate generator were 
therefore inserted between the final coincidence unit and the M.C.A..
The signal resulting from the coincidence between the timing
signal and the stopping -ve pion signal is fed into the external gate 
input of the M.C.A.. It is only when a signal is present at this input 
but not at the inhibit input that signals from the energy line are
accepted.
The output from the M.C.A. is fed, via the CAMAC system, into a 
NOVA 2 computer and is stored on a floppy disc. A hard copy of each 
spectrum was also obtained.
3.5 Running targets
Once the electronics had been set up , the beam tuned and the
momentum and momentum bite selected; all that was necessary in order
to irradiate a target was to prepare the target, position it, clear the
M. C. A. memory and remove the beam stop. All of the targets were 
irradiated for between 1 and 2 x  10® stopping particles. This figure 
represents a compromise between good statistics and available beam 
time.
3.6 Calibration
The detector, amplifier, M.C.A. system was calibrated using a 
standard set of sources and a research pulser. The research pulser was 
set up so that the ten coarse settings on it spanned the energy region 
of interest. Between running targets, a spectrum containing the peaks 
generated by running the pulser at each of these coarse settings, was 
collected. Peaks from appropriate sources were also collected at the 
same time. In this manner the stabily of the energy calibration was 
monitored.
The detector was a HPGe low energy spectrometer with 25 mm. 
active diameter by 10 mm. active depth. It had a 0.127 mm. beryllium 
window. The resoltion was 324 eV FWHM at 5.9 keV and 568 eV FWHM at 
122 keV. Some degradation of the resolution was noticed in the course 
of the experiment. This was due to neutron damage which is unavoidable 
in a stopping pion experment, it however had a minimal effect on our 
results.
3.7 Efficiency determination
Information necessary for a dector efficiency determination was 
collected using a set of standard sources(table. 4.3). A plot of 
detector efficiency vs. energy is given in fig. 3 .10. It can be seen 
that in the region of interest for -ve pions , 18 to 55 keV, the
efficiency is reasonably constant. However in the corresponding region 
for -ve muons, 75 to 175 keV, the efficiency is far from constant and 
substancial corrections were necessary.
The efficiency experiment included a dead time determination which 
demonstrated that the dead time was negligible for all of the sources 
in the geometric set-up _ used. The actual efficiency correction is 
described in detail in section 4.3.
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Shows intrinsic peak efficiency vs. energy 
for the HPGe. detector.
Chapter 4 ********** Data analysis
4.1 Peak fitting
Typical spectra are shown in figs. 4.1 to 4.5. It can be clearly
seen that whilst the oxygen pionic Balmer series is relatively well
defined and separated from any other peaks the carbon pionic Balmer
series lies in a much more complex region of the spectrum. For this
reason, and also because of the generally lower intensities in the
carbon.peaks, fewer lines were found for carbon (usually 2 ) than for
oxygen (usually 4). Tables 4.1 and 4.2 give the energies of the
important transitions.
Peak areas were determined from the raw spectra using a gamma ray
analysis code, SAMPO (Routti and Prussin), which is implemented on the
University of London Computer Centre. SAMPO uses shape calibration
lines of single, intense,well separated peaks from the particular 
♦
spectrum to fit regions of interest. Peaks are fitted to a Gaussian 
centroid with two exponential tails and the continuum under each peak 
or multiplet of peaks is jfitted to a parabola. The actual fitting 
routine used,1'Fits'', required an input of three shaping parameters, 
obtained from a previous run of the SAMPO routine ’’Shapedo'', the
I
channel numbers that the peaks to be fitted were centered on, the 
number of peaks and the region of the spectrum to be fitted (max. 150 
channels).
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X-ray spectra for pig fat (left) and pig muscle (right)
TARGET TRANSITION ENERGY
(KeV)
Carbon 3— 2 18.39
4— 2 24.82
5— 2 27.79
6— 2 29.40
Nitrogen 3— 2 25.10
4— 2 33.86
5— 2 37.91
6— 2 40.11
Oxygen 3— 2 32.84
4— 2 44.31
5— 2 49.61
6— 2 52.48
Aluminium 3— 2 87.27
4— 3 30.45
« i U) 44.51
6— 3 52.15
Table 4.1 
Energies of the important pionic 
Balmer series transitions
TARGET TRANSITION ENERGY
(KeV)
Carbon 2— 1 75.26
3— 1 89.22
4— 1 94.10
5— 1 96.35
6— 1 97.57
Nitrogen 2— 1 102.53
3— 1 121.56
4— 1 128.21
5— 1 131.29
6— 1 132.97
Oxygen 2— 1 133-95
3— 1 158.85
4— 1 167.55
5— 1 171.58
6— 1 173.77
Aluminium 2 — 1 346.96
Table 4.2 
Energies of the important muonic 
Lyman series transitions
A background subtraction code, GAMBAK (WestmeiruiOPi»B )f was also 
tried out but not used as it gave unrealistic discontinuities under the 
peaks.
As SAMPO often ascribed very different intensities to particular 
peaks fitted in different regions, great care was needed in the 
selection of fitting regions. The problem was compounded by the fact 
that only six peaks could be fitted per region and this frequently 
proved inadequate particuarly in the region of the spectra where the 
carbon lines were situated. In this region it was common for more than 
six lines to be so closely packed as to make the selection of fitting 
regions very difficult.
This problem was tackled in two ways; firstly by requiring that 
the background produced by the code was realistic, which often was not 
the case, and secondly by applying, as far as possible, strictly 
consistent methods of fitting from spectrum to spectrum.
Another problem encountered was overlaps between peaks of 
interest. This problem only affected pion lines3muon lines were well 
seperated in terms of energy. From table 4.1 it can be seen that four 
pairs of lines lie close enough together to cause a problem. They are;
1) II A1 5— 3 /no 4— 2 AE = 200 eV
2 )nAl 6— 3 /no 6— 2 AE = 330 eV
3) n N 3— 2 /n c 4— 2 AE = 280 eV
4)n N 4— 2 /no 3— 2 AE = 1020eV
The data from a pure aluminium target was used to overcome the 
problems of the first two pairs of overlapping peaks. The aluminium 
spectrum was analysed, using SAMPO, and the ratios between then A1 5— 3 
and the nAl 3— 2 , and the JIA1 6— 3 and the HA1 3— 2 were calculated. 
These ratios were assumed to be constant with only the total amount of
aluminium contamination varying from target to target; that is, the 
summed Balmer series intensity might vary, but the relative intensities 
of lines within a series would not. This assumption is justified by 
the fact that no significant proportion of the aluminium became 
involved in compounds with the target material. Therefore, for each 
target it was merely necessary to fit the ITA1 3— 2 peak, which was 
always well defined and isolated, in order to determine the intensity 
of the nAl 5— 3 and the IIA1 6— 3. Then a simple subtraction gave the 
intensities of the TTO 4— 2 and the 110 6— 2 respectively.
The carbon/nitrogen/oxygen overlaps were more serious as all of 
these elements were involved in compounds and therefore the relative 
intensities between the lines within a series could not be relied on to 
remain constant for different targets.
Nitrogen was the most severely affected element as the two most 
intense members of its Balmer series were involved in overlaps. The 
first of these,involving the ITN 3— 2 and the ITC -4— 2, were completely 
inseparable. We decided on the intensity of the carbon peak by
calculating the average IIC 4— 2/JIC 3— 2 ratio for the saccharides and 
multiplying the IIC 3— 2 peak intensity, fitted in the particular case 
in question, by this ratio. The saccharides were chosen as we
considered these to be chemically the closest of our non-nitrogen
targets to the tissue and amino acid targets. The only justification 
for using this method was that the IIC 4— 2/nC 3— 2 ratio did not vary 
very much throughout the saccharides. The uncertainties in this method 
are reflected in the large error bars given to the capture ratios
involving nitrogen.
The last overlapping pair of peaks, the nN 4— 2 and the II0 3— 2
were separable, but only just. The separation in energy was sufficient 
but the large difference in intensity made the lower intensity peak (UN 
4— 2) very difficult to reliably fit. This difficulty is again
reflected in the error bars.
4.2 Self absorption
The most important correction to the fitted intensities 
addressable at this stage (see chapter 7 ) was the correction for 
absorption of pionic X— rays within the target. This correction was 
required to compensate for the varying pathlengths, and therefore 
varying attenuation suffered, by X— rays generated by pions stopping in 
different parts of the target. The solid angle subtended at the 
detector by each elemental area of the target also had to be taken into 
account. The correction took the form of a five fold integral, the 
integration being over the three dimensions of the target (x,y,z) and 
the two dimensions of the detector (h,k). The thickness of the - 
detector was neglected. It was also necessary to fold in the stopping 
profile of the -ve pions (or -ve muons), this was assumed to be 
Gaussian. The integral used to calculate the correction factor is 
given below;
a/ 2 ,b
C =
f
dx dy dz
o'0 0
c/2 d/2 (d2/4-h2)1/2►
dh
t
0 J-> -(d2/4-h2)
dk exp[yEg(x,y,z,h,k)] 
1/2
.exp[-A2 (y-B)2] (x,y,z,h,k)
where g(x,y,z,h,k) r R(y/L+y),
(x,y,z,h,k) = (L+y)/R^,
R2 = (L+y)2+(x-h)2+(z-k)2,
B = 0.5b(P /P),
A = 2.041 (P /P p).
Here p is the density of the target material and pp is the density 
of the material in which the stopping profile is measured (aluminium), 
a,b and c are the dimensions of the target in the x, y, z coordinate 
system with the origin at the centre, and d is the diameter of the HPGe 
crystal. L is the distance from the centre of the target to the centre 
of the crystal along the detector axis. The X-ray attenuation 
coeficients, at energy E. were calculated from the mixture rule
using elemental attenuation coefficients from the parametrization by 
Jackson and Hawkes (Jackson and Hawkes 1981). A and B are parameters 
introduced to describe the stopping profile.
This proved too difficult to integrate analytically so the N.A.G. 
routine D01FAF was used to integrate it numerically. The correction 
factor obtained ranged from approximately 1.0 , for the muonic nitrogen 
X-rays, to 2.86dl1.4% for the carbon 3— 2 X-ray in TE plastic,
4.3 Detector efficiency
In order to determine accurately the peak intensities of the 
X-rays being measured, it was necessary to carry out an intrinsic peak 
efficiency determination. The intrinsic peak efficiency is defined as
Number of pulses detected
Number of quanta incident on the detector
SOURCE ACTIVITY GAMMA RAY INTENSITY EFFICIENCY
ENERGY
(KeV)
Co 57 11.89 Ci 14.41 8.4% 80.17%
Am 241 10.41 Ci 26.35 2.5% 97.67%
Am 241 10.41 Ci 59.54 3 6.0% 82.87%
Ba 133 10.69 Ci 81.00 55.3% 82.87%
Co 57 11.89 Ci 122.06 87.0% 81.88%
Co 57 11.89 Ci 136.47 1 1.0% 65.80%
Ba 133 10.69 Ci 276.43 7.0% 17.89%
Ba 133 17.42 Ci 303.09 14.0% 17.42%
Table 4.3 
HPGe detector efficiency data
The number of pulses detected from various sources was recorded as 
described in chapter 3. To ascertain the number of quanta incident on 
the Ge. crystal of the detector we applied the following corrections 
to the calibrated activities of the sources (see table 4.3);
1) We corrected for the deterioration in the activity of
the source since its calibration by using the equation
A = A o exp(-Xt)
where A = loge2/t1/2
and Aq - activity of source at time of calibration 
t = time elapsed since calibration 
ti/2 = half life of source.
2) We also corrected for the branching ratio of each
isotope i.e. the proportion of disintegrations during which 
a particular gamma ray is emitted.
3) Finally we corrected for the solid angle subtended at
the source by the Ge crystal.The solid angle is given by;
« = 2 [1-{R/(R2+r2)1/2}] 
where R = source to Ge crystal distance
and r = diameter of the Ge crystal,
this gives a correction factor of
C.F. = n / 4*.
The effects of dead time, attenuation by the beryllium window 
(0.127 mm.) and attenuation by 400 mm. of air were also determined 
and found to be negligible.
4.4 Micro analysis of tissue targets
A chemical microanalysis of the pig tissue samples was carried 
out. As the micro analytical samples were small in comparison to the 
target size and the tissue samples not completely homogeneous, several 
microanalyses were obtained for each sample and an average was taken. 
The results for individual samples proved to be reasonably consistent. 
Microanalyses from irradiated and unirradiated samples showed that no 
significant changes in elemental composition occured either during 
irradiation or during the period spent in the very warm experimental 
room.
The results are presented in table 4.4.The percentages used here 
are all normalised to 100%, i.e. it is assumed that HCNO are the only 
elements found in the body. This is a reasonable assumption for our 
purposes (I.C.R.P. 23). Table 4.4 also contains the composition of TE
liquid and TE plastic. The two sets of figures for TE plastic refer to 
the compositions as given by Shonka (Shonka et al. 1959) and a more 
recent determination (HPA 1977) respectively. The recent composition 
is the one used in all calculations in this work.
PER CENT BY WEIGHT/ATOMIC WEIGHT
TARGET HYDROGEN CARBON NITROGEN OXYGEN
Kidney 11 .6 1 .01 0.25 4.55
Lung 1 1 .8 1.08 0.25 4.48
Brain 1 2 .2 1.32 0.17 4.35
Muscle A 11.3 1.31 0.33 4.27
Muscle B 1 1 .8 1.23 0.33 4.30
Liver 11.1 1.61 ' 0.33 4.05
Fat A 13.5 5.97 0 .01 0 .9 2
Fat B 13.1 5.52 0.07 1.23
TE liquid 9.9 1.24 0.25 4.42
TE plastic* 1 0 .2 6.40 0.26 0.37
TE plastic^ 1 0 .0 6.48 0.26 0.26
Table 4.4
Chemical composition of the tissue and T.E. targets 
* HPA 1977 
& Shonka et al. 1959
Table 4.*[ contains the same information but for human tissue (ICRP 
23). The two sets of figures agree quite closely except for fat. The 
two pig fat figures differ significantly both with each other and with 
the human fat figure. The difference in the two pig fat figures is due 
to the samples being taken from different parts of the pig» as 
explained in chapter 5 , and the difference between the pig fat and the 
human fat could have been a result of the fact that fat is the most 
susceptible tissue to diet.
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CENT BY WEIGHT/ATOMIC WEIGHT
TARGET HYDROGEN CARBON NITROGEN OXYGEN
Kidney 10 .3 1.08 0.19 4.63
Lung 1 0 .2 0 .8 6 0.21 4.78
Brain 1 1 .2 1.06 0 .1 0 4.65-
Muscle 10 .2 0.91 0 .2 0 4.76
(skeletal)
Liver 10.7 1.28 0.21 4.44
Fat 12 .0 5.33 0.06 1.44
(adipose)
Fat 11.7 5.38 0.06 ‘ 1.43
(sub cutaneous)
Table 4.5 
Composition of human tissue
Chapter 5 »»»»*»»**» Mesomolecular model
5.1 Introduction
In this chapter for briefness I include muons under the general 
heading of mesons, although this is of course incorrect. Therefore for 
mesons please read mesons and muons. As I hope will be made clear in 
chapter 6 the existing atomic models of meson capture in complex 
materials prove incapable of satisfactorily accounting for our 
results. The Z-laws discussed in chapter 6 consider that mesons stop 
in a degenerate electron gas and take no account of the molecular 
structure of the stopping medium. More recent work (Grin and Kunselman 
1970), (Tausher et al. 1968), (Petruhkin and Risin et al. 1976), 
however indicates that molecular structure does indeed play an 
important role in meson capture, at least in certain classes of 
materials.
Below a molecular model of meson capture, which I consider goes 
some way to furthering the understanding of meson capture in complex 
materials, is described.
5.2 A two atom model
This model, originally developed by Ponomarev, Schneuwly and 
collaborators (Ponomarev L.I. 1973). (Schneuwly H. 1977), (Schneuwly 
H..Pokrovsky V.I. and Ponomarev L.I. 1978), applies only to molecules 
containing two types of atom and one type of bond. It also considers 
that there are two methods of meson capture;
1) Direct atomic capture, in this case the meson is
captured in the vicinity of a core electron.
2) Capture via a molecular orbital. This is effected
by capture of the meson in the vicinity of a
valence electron. The valence electrons are
combined into molecular orbitals.
it
Consider the molecule Z^Z^ where k and 1 represent the
it
number of atoms of type Z and Z respectively m  the molecule.If
n = number of core electrons in atom Z
v = number of valence electrons in atom Z
v = Z-n
N = k(n+v )+l(n*+v*)
= Total no of electrons.
Atomic capture is considered to be proportional to the number of core 
electrons;
W = (1/N) kn or (1/N) In* (5.1)d
Our treatment differs slightly from that of Schneuwly et al.. We make
the assumption that all core electrons participate in the capture
process whilst Schneuwly et al. assume that only those with binding
energy less than a certain value are able to participate.
Capture via a molecular orbital is proportional to the number of
valence electrons;
and
then
and also
Wm = (1/N) (kv+lv*) = (2/N)kv or (2/N)lv* (5.2)
Assuming that a meson once captured onto a molecular orbital must
5.2.1 Determination of w
Ponomarev et al. considered that once a meson had been captured onto a 
mesomolecular orbital the dumping onto a mesoatomic orbital was a two 
step process.The first step involves localisation of the meson in the
vicinity of either atom and the second step involves a redistribution 
of the meson into either ^ mesoatomic orbital on one or other atom or 
into a lower mesomolecular orbital.
Localisation of the meson
This localisation of the meson occurs because the electron density 
in the vicinity of each atom varies due to the difference in the
electronegativities of the atoms. The electronegativity of an atom
reflects its ability to attract electrons to itself. Ponomarev et al.
calculate the ionicity of the bond, from the electronegativities of the 
atoms,using the formula given by Pauling (Pauling 1960). The parameter 
s is the ionicity and the probability of localisation is given by
it
deexcite onto a mesoatomic orbital of either atoms Z or Z with
ft
respective probabilities w and w = 1-^tf, then the coulomb capture
ratio per atom will be
n+2v>w
(5.3)
p = 1/2 (1-s), p* = 1/2 (1+s). (5.M)
The electro negativity difference and the percentage ionic character of 
a number of single bonds is given in table 5.1.
BOND ELECTRONEGATIVITY
DIFFERENCE
PERCENTAGE IONIC 
CHARACTER
C— C 0 0
0— 0 0 0 nonpolar
C— H 0.4 4 covalent
S— H 0.4 4 bonds
C— H 0.5 6
N— H 0.9 19 polar
C— 0 1.0 22 covalent
0— H 39 bonds
Na—  F 3.1 91 ionic
bond
Table 5.1
The electronegativity difference and the percentage 
ionic character of a number of single bonds.
Redistribution of the meson
Schneuwly et al. suggest two ways in which this redistribution 
can occur (Schneuwly H., Pokrovsky V.I. and Ponomarev L.I. 1978). 
Only the first is considered here.
This picture envisages reasonably longlived mesomolecular orbitals and
requires the meson, once localised in a raesmolecular orbital to dump
onto a mesoatomic orbital on atom Z(Z )♦ with a probability q(q ),
£
or to remain in the valence region with a probability q (q). in which case 
the first step is repeated. This gives
pq p*q*
w = --- - or w =   —  (5.5)
pq+p q pq+p q
The redistribution factor is given by 
q = Z2/(Z2+Z*2) . and q* = 1-* (5.6)
ft
In the case of non-polar molecules, i.e. p = p =1 /2, this
gives
z2 , 
w = -----  and w = 1-w (5.8)
z2+z*2
For molecules containing only carbon and oxygen this gives
Wc = 0.36 and wQ = 0.64 .
Note also that this model reduces to the Z-law with the following 
values
5.2.2 Extension to more than two atoms
In its present form the model outlined above is of little use in 
interpreting most of the data from this experiment. This is because 
almost all of the targets involve more than two kinds of atom. A 
simple extension of the model outlined in section 5.2.1 gives the 
formula
For molecules containing only carbon oxygen and hydrogen this gives the 
values
The model with these parameters inserted into equation 5.3 is referred 
to as mesomolecular model A and the predictions from this model have 
been compared with the experimental results in section 6.3.3.
5.2.3 Hydrogen transfer
Hydrogen presents a special case in respect to meson capture.
2This is because the binding energy of the meson is proportional to Z 
and therefore there is a relatively large difference in the binding 
energy of a meson bound onto hydrogen compared to that of one bound 
onto, for instance carbon, nitrogen or oxygen. For this reason there
(5.9)
i
wQ -0.64 w ~ 0.00
is a possibility of the pion being transferred from hydrogen to one of 
the heavier atoms. The simplest model proposed involves transfer to 
the nearest neighbouring heavy atom. This is invariably the atom to 
which the hydrogen is bonded. Three possible pictures of the transfer 
process are presented below;
1) The whole valence cloud is involved in the
transfer, i.e. 2v ~ 1 electrons plus one meson.
Therefore the number of electrons in the transfer 
process is 6 = 2v - 1.
2) The meson is exchanged for one electron from the
heavy atom. Here the number of electrons involved
in the transfer process is <5 = 1 .(Reidy et al.
1975).
3) In this case the proton* and the -ve meson form a
neutral object which breaks away and diffuses
through the system (Schneuwly 1977). Here the 
nearest neighbour assumption is no longer 
applicable.
In cases 1) and 2) the total transfer probability per molecule is 
given by (Jackson D.F., Lewis C.A. and O'Leary K. 1982) ;
/
T^CZj) = H ^ a  (5,9)
where
u
i = number of hydrogen atoms bonded to atoms - of type 
= Nihi.
8, =
process
± -  number of electrons involved in the transfer
a = probability per electron of transfer to the heavier 
atom.
= number of atoms of type Z^ . 
h^ = proportion of type atoms bonded to hydrogen.
For case 3)f that is the neutral system, the transfer probability 
is less easy to define and this possibility has not been persued in 
this work. However it seems likely it would take the form
where f^  is some fraction of the total number of hydrogen atoms in 
the molecule.
5.2.4 Total capture ratio with transfer
Below the equation for the total capture ratio (per molecule) 
between atoms Z^  and Z2 is given.
This formula has been used to interpret our data for organic molecules.
It should be noted that using this formula to generate a plot of R 
Vs. N-j/N2 does not necessarily produce a straight line as in the - 
case of the Z-laws and the mesomolecular model A. If either a is 
non-zero or w is dependent on molecular structure, or both, then a 
departure from a straight line relationship will occur.
(5.10)
N. (n<|+2viw1+h‘j6ia) 
r = ------------ ----------------
^2(n2+2v2W2+h2 62a ^
(5.11)
Chapter 6 ********** Results
6.1 Introduction
In this chapter I present the results from the experiment in the 
form of capture ratios. I compare them with the predictions of various 
theoretical models of meson capture and discuss the implications. I 
also consider the implications of the findings on pion dosimetry. 
Finally, I compare capture ratios in the same compounds measured with 
both -ve pions and -ve muons.
6.2 Capture ratios
Tables 6.1 and 6.2 give the capture ratios of all of the materials 
irradiated in the experiment at TRIUMF. They were calculated by taking 
the ratios of the summed Balmer series measured in carbon, nitrogen and 
oxygen. The corrections for self absorption in the target and the 
variation in the efficiency of the detector are given in sections 4.2 
and 4.3. The justification for using this method to calculate capture 
ratios, and also some further corrections necessary are-discussed in 
chapter 7.
The error bars show standard deviations and arise mainly from peak 
area determination, using SAMPO, and the implementation of the self 
absorption correction. This second error was estimated by evaluating 
the self-absorption integral (equation 4.1) with the packing density 
and attenuation coefficients incremented and decremented by one 
standard deviation. In the case of -ve muons the detector efficiency
correction replaces the self absorption correction as a major source of 
error. This error was estimated by reading off the error bars from the 
detector efficiency curve.
TARGET C/0 CAPTURE RATIO
Maleic anhydride 0.79+0.04
Succinic anhydride 0.86+0.04
Glutaric anhydride 1.11+0.05
Xylose 0.57+0.04
Glucose 0.54+0.04
Mannose 0.73+0.04
Sucrose 0.62+0.03
Trehalose dihydrate 0.55+0.03
Malonic acid 0.4540.03
Succinic acid 0.6240.03
Glutaric acid 0.83+0.03
Adipic acid 1.17+0.05
Pimelic acid 1.42+0.06 •
Carbon dioxide 0.19+0.03
Perspex 1.76+0.07
Table 6.1
Capture ratios of all of the targets containing 
carbon and oxygen or carbon, hydrogen and oxygen
TARGET CAPTURE
C/0
RATIO
N/0
Glycine 0.58+0.03 0.42+0.11
Alanine 1.14+0.06 0.53+0.12
Valine 2.07+0.11 0.48+0.10
Serine 0.58 0.04 0.31+0.07
Cystine 1.05+0.12 0.70+0.20
Kidney 0.0910.01 0.12 0.05
Lung 0.08+0.01 0.10+0.02
Brain 0.12+0.01 0.06+0.02
Muscle A 0.12+0.01 0.08+0.02
Muscle A 0.12+0.01 0.07+0.02
Liver 0.13+0.01 0.06+0.02
Fat A 4.72+0.38 0.05+0.05
Fat B 1.93+0.09 0.02+0.01
TE plastic 21.6+2.10 0.87+0.64
TE liquid 0.17+0.02 0.04+0.01
TARGET Na/F CAPTURE RATIO
Sodium flouride 0.98+0.15
Table 6.2
Capture ratios of all of the compounds 
containing elements other than carbon, 
hydrogen or oxygen.
6.3 Comparison with theory
6.3.1 The Z-laws
The title Z-laws refers to to those atomic models of meson 
capture that are linear in Z. The original, and most commonly quoted, 
is the Fermi-Teller law (Fermi and Teller 19*17). This holds that the 
the relative capture probability on atoms in a compound is proportional 
to Z;
W(Z.) « Z± (6.1)
Therefore for N^Z^
W(Z.) = (6.2)
Three expressions derived from similar reasoning (Krumshtein Z.V. 
et al. 1968), (Daniel H. 1975), (Vogel P. et al. 1975), plus one 
based on the assumption that energy loss is proportional to derived 
stopping power (Petruhkin V.I. et al. 1969). and also an expression 
incorporating molecular features, are given in table 6.3
Z-LAW DESCRIPTION
(1) Fermi + Teller W(Z^) = N^Z^
(2) Fermi + Teller + nearest neighbour. As in (1) except that
also receives any pions captured onto hydrogen atoms
bonded to it.
(3) Corrected Z-law W(Z^) =
(4)
*/3
Daniel W(Zi) = NiZi.logC0.57Z)
(5) Vogel et al. 
NiZ± LocjC\*vsz ;
W(Zi)
(6) Petrukhin et al. W(Zi) = n>(z1/3_i)
Table 6.3 
Definitions of the Z-laws.
TARGET Z-LAW Z-LAW Z-LAW Z-LAW Z-LAW Z-LAW 
(1) (2) (3) (4) (5) (6)
EXPERIMENTAL
RESULTS
Xylose 0.75 0.82 0.83 0.73 0.79 0.81 0.57±0.03
Glucose 0.75 0.81 0.83 0.73 0.79 0.81 0.54+0.02
Mannose 0.75 0.81 0.83 0.73 0.79 0.81 0.73±0.04
Sucrose 0.82 0.90 0.90 0.80 0.86 0.88 0.62t0.03
Trehalose 0.69 0.74 0.90 0.79 0.86 0.88 0.55±0.02
Malonic acid 0.56 0.59 0.62 0.55 .0.59 0.61 0.52+0.03
Succinic acid 0.75 0.82 0.83 0.74 0.80 0.81 0.62+0.03
Glutaric acid 0.94 1.06 1.03 0.92 1.00 1.01 0.82+0.03
Adipic acid 1.13 1.29 1.24 1.10 1.29 1.22 1.17+0.05
Pimelic acid 1.31 1.53 1.44 1.29 1.41 1.42 1.42+0.06
Maleic anhydride 1.00 1.08 1.11 0.97 1.05 1.08 0.79+0.04
Succinic anhyd. 1.00 1.17 1.11 0.97 1.05 1.08 0.86+0.04
Glutaric anhyd. 1.25 1.50 1.39 1.22 1.32 1.35 1.11+0.05
Carbon dioxide 0.37 ---- 0.41 0.37 0.41 0.42 0.19+0.03
Sodiun Flouride 0.82 1.40 1.21 1.03 1.13 0.98+0.15
Perspex 1.88 2.06 1.84 2.06 2.12 1.76 ± 0 0 1
Table 6.4
Theoretical predictions of the Z-laws.
J Perspex
§ Dicarboxylic acids 
I  Saccharides 
£  Cyclic acid anhydrides 
5 Muon data
Z-law
M-model(A)
1-0
R(exp)
0*5
I  CO.
2-0 2-51-50-50
Fig.6.1
Experimental C/0 capture ratios vs. Nc/No 
Nc = No. of carbon atoms 
No = No. of oxygen atoms.
Rlexp)
6 0 7-03'0 N /N 
c h / ino h
5-02-01-00
Fig. 6.2
Experimental C/0 capture ratios vs. Nch/Noh 
Nch = No. of carbon atoms plus nearest neighbour hydrogen atoms 
Noh = No. of oxygen atoms plus nearest neighbour hydrogen atoms.
This table (6.3) also contains an extension of the Fermi Teller law to 
include hydrogen transfer. This was affected by assuming initial 
captures, including those on hydrogen, are in proportion to the Fermi 
Teller law predictions, then assuming that all pions (muons) are 
transferred to the nearest neighbour (Reidy et al. 1975). Figs 6.1 
and 6.2 show graphically the predictions of these laws. Table 6.4 
gives the C/0 capture ratios predicted by these laws.
From table 6.4 it can clearly be seen that the Z-laws consistently 
underestimate the C/0 capture ratios. The Fermi Teller law in 
particular is generally 20 -25% in error. Furthermore figs 6.1 and
6.2 show quite clearly that no law that is linear in Z is going to be 
able to fit our data.
6.3»2 The Mesomolecular model A
This form of the mesomolecular model is also linear in Z and, as 
stated above is therefore incapable of fitting the experimental data. 
However two targets, carbon dioxide and sodium fluoride, do form a 
subgroup to which the underlying ideas of this model might profitably 
be applied. Both of these targets contain only one type of atom and 
one type of bond. They also contain no hydrogen, making a hydrogen 
transfer term unnecessary. Finally they both contain polar bonds,
v  4-
particuarly Na F which is almost completely ionic. For these reasons 
they provide a good test of the ideas developed by Ponarmarov et al. 
in the mesomolecular model and in particular of their ideas on 
localisation of the meson in a molecular orbital and the effect of this 
on the capture ratio.
From table 6.3 it can be seen that t'he Fermi Teller law fails 
badly for these targets, in particular for carbon dioxide (95% error).
For carbon dioxide mesomolecular model (A) makes the following
predictions;
wc =0.36 wQ = 0.64 R = 0.29
This value falls outside the error bars of the experimenral figure 
(0.19 ±.03). However taking the ionicity of carbon dioxide from table
5.1 as 0.22 and using equations 5.3 and 5.4 produces the following 
figures;
P = 1/2(1-0.22) P* = 1/2(1+0.22)
= 0.39 = 0.61
Therefore wc = 0.26, wQ = 0.74, R = 0.23
This value also falls outside the error bars of the experimentally 
measured capture ratio. However carbon dioxide contains not a single 
bond, which table 5.1 applies to, but a double bond. It seems possible 
that the figure 0.44 for the ionicity might be more applicable, giving
P* = 1/2(1+0.44)
= 0.72
therefore w = 0.18, wQ r 0.82, R s 0.19
Similar calculations for Na F, again using the ionicity figure 
from table 5.1* result in a capture ratio of 0.97 as compared with the 
Fermi Teller prediction of 0.82.The experimental figure is 0.98 +0.15.
P = 1/2(1-0.44) 
= 0.28
6.3*3 The mesomolecular model B
Making theoretical predictions from this model is complicated by
the fact that no plausible picture of meson capture exists, so
assignment of values to the parameters w t wnt($ , 5 , a andc o c o o
a0is difficult. The values of the transfer parameter a, deduced by
putting various values of wq with wQ + wQ = 1 and 6=r2v-1 into
equation 5.13, are given in table 6.5. The sensitivity of a to the
value taken by wc is apparent. It was decided to let the parameters 
vary, in a controlled way, and to fit them to the experimental data in
the least squares sense. In .this way it was hoped some informative
trends would emerge. The results are given in table 6.6.
The data were fitted in groups of similar molecules and all
together under various constraints. The capture paramaters wc and
wo were always constrained to vary between 0 and 1. There were four: 
main groups;
1) WC + «o = 1* £= 2V"1- ac = ao
This series of fits showed that a. good overall-fit was not obtainable
by allowing two, or indeed three, paramaters to vary. It also
demonstrated how much a varied between the groups of similar molecules, 
and lastly it provided more evidence testifying to the sensitivity of a 
to the the value of wq (w0).
2) wc + wQ = 1, 6=1, ac = ao
These fits produced similar results to those from group 1), the values
of w however were consistently higher and a or a_ tends to the
V  v
limiting value of 1.
3) wc = wQ = 0 .5 , ac = aQ, 6 = 1 or 6 = 2 y-1
TARGET 6 = 1 6 = 2/-1 6 =2>>-1
wc=0.36 w c”0'.36 w = 0.26 c
Maleic anhydride 0.39 0.06+.07 0.43±.09
Succinic anhydride 0.63 0.09±.05 0.291.04
Glutaric anhydride 0.69 0.10+.03 0.261.03
Xylose 0 0.00+.05 0.191.06
Glucose -0.37 -0.04+.05 0.161.05
Mannose 2.42 0.21 +.06 0.441.06
Sucrose 0 0.00+.04 0.191.04
Trehalose dihydrate 0.36 0.03 +.05 0.24+.05
Malonic acid 4.6 0.07+.07 0.421.11
Succinic acid 0.62 0.07+. 04 0.301.05
Glutaric acid 0.85 0.10+.03 0.281.04
Adipic acid 1.91 0.22+.04 0.401.04
P>imelic acid 2.00 0.23+.04 0.401.04
Perspex 0.231.02
Table 6.5
Hydrogen transfer probability a deduced from the pion data.
In this case the values predicted were always above those 
predicted by the Z law. and 6 = 2v-l was preferred.
TARGET
Acid anhydrides 0.25 0.258 0 0.98
0.335 0.130 0 0.00
Dicarboxylic acids 0.25 0.340 0.340 2.90
0.306 0.256 0.256 2.75
0.325 0.265 0.513 2.75
Saccharides 0.25 0 . 1 9 2 0 .1 9 2 4.03
0.375 0.000 0.000 4.00
0.415 0.000 0.285 3.98
All together 0.25 0.266 0.266 5.40
0.263 0.247 0.247 5.59
0.290 0.254 0.591 4.85
Table 6.6
Results of fits obtained by assuming 
wc + wQ = 1 and = 2v - 1 
Row 1 wQ = 0.25 and ac = ao
Row 2 wc is allowed to vary
Row 3 all parameters are varied
TARGET a
Maleic anhydride 0.25 0.29-0.03
Succinic anhydride 0.25 0.26±0.03
Glutaric anhydride 0.25 0.2420.03
Xylose 0 0.3620.03
Glucose 0 0 .3320 .0 2
Sucrose 0 0.3620.03
Trehalose dihydrate 0 0.3820.02
Mannose 0 0.4920.03
Mannose 0.25 0.3420.03
Table 6.7
values of wQ
deduced from the pion
data assuming that w + w =1c o
4) 0.8 ^ (wc + wQ) 4 1.0 ac = aQ
This series of fits were carried out to test for the possibility of 
wh not being negligibly small. No significant improvement in the fit 
occured.
In carrying out the above fits we have assumed that wc and wQ 
are constant throughout a group of similar molecules.Table 6.7 shows 
that this is not necessarily so.This table gives the values of wc 
deduced with wq + wQ = 1 and the value of ac = aQ from table
6.5 The variation within the groups of similar molecules is clear.
To sura up a satisfactory fit to the experimental data can be 
achieved using this model with the following phnomenologically 
determined parameters;
wc = 0.23 - 0.27, wQ = 0.73 - 0.77, wh = 0.
6.4 Dosimetry considerations
6.4.1 Tissue equivalent materials
Here I consider TE plastic, TE liquid, alanine, valine, mannose 
and trehalose dihydrate. Fig 6.3 displays the (Rexp^RZ-law^ 
ratios. The poor agreement with the Fermi Teller predictions is 
apparent. TE plastic shows the biggest discrepency and it-should be 
pointed out that as well as the usual HCNO this target also contains 
FC0.55O and Ca(0.3%).
6.4.2 Pig tissue targets
Fig 6.4 displays the Rexp/Rz_iaw ratios for all of the pig tissue 
targets. The two types of fat and muscle refer to samples taken from 
different pigs. The two muscle samples are in good agreement the two 
fat samples however, are not.
GLYCINE SERINE CYSTEINE ALANINE VALINE
Fig. 6.5
Experimental capture ratios for the amino acids 
devided by the theoretical ratios given by the Zllaw
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Experimental capture ratios for the TE materials 
devided by the theoretical ratios given by the Z law,
I C/O 1 N/0
KIDNEY LUNG BRAIN MUSCLE MUSCLE B LIVER FAT FAT B
Fig. 6.4
Experimental capture ratios for the pig tissue targets 
devided by the theoretical ratios given by the Z law.
This is probably because they were taken from different locations on
the pig; sample one was taken from the belly whereas sample two
consisted of subcutaneous fat (see section 4.4).
The C/0 capture ratios are consistently lower than those predicted 
by the Fermi Teller law.The relationship between the averaged figures 
is;
^exp = 0*58^ Z-law
The behavior of the N/0 capture ratios is less easy to explain.The 
X axis is merely used to spread out the data.The specimens are however 
arranged in increasing C/0 and N/0 ratios in terms of composition by 
weight.
The results reported here suggest that large departures from the 
values predicted by the Fermi Teller law are a result of the presence 
of heavier elements, even in very small quantities. This is certainly 
the case with the TE materials as already noted. In the case of the 
amino acids it is cysteine, which contains an atom of sulphur, that 
departs most significantly from the Fermi Teller law. Finally although 
our microanalysis was only aimed at CHNO it is inevitable, and
certainly the case in human tissue (ICRP 23), that small amounts of
other elements are present. For this reason the consistent departure 
of the pig tissue capture ratios from the theoretical values provides 
further evidence of the importance of a ’heavy' atom on the capture 
ratios for a given molecule.
6.5 Implications for pion dosimetry
None of the materials commonly used to measure doses deposited by
-ve pions in matter are in fact tissue equivalent for -ve pions. TE
plastic walled chambers are the most commonly used to measure these 
doses and, according to our findings, to measure them incorrectly. The 
charged particle dose absorbed following pion capture is 70% higher in 
TE plastic than in muscle. This is due to a combination of the 
different capture ratios and the different charged particle spectra 
arising from capture on carbon or oxygen (Munchmeyer 1979), (Henkleman 
1980, ) referred to in chapter 1. Assuming that the charged
particle dose accounts for 40% ofthe total dose in the peak region of a
-ve pion beam (Ellis et al. 1976), (Wright et al. 1979), then the
overestimate in this region is approximately 30%.
s
Perspex also proved quite unsuitable for pion doimetry, as did the 
lyoluminescent materials, alanine, valine, mannose , and trehalose 
dihydrate. Only TE liquid showed any promise of being .tissue
equivalent for pions.
6.6 The -ve muon results
There are a number of reasons why the capture ratio, as calculated 
here, i.e. measuring the summed Balmer series intensities for pions 
and the summed Lyman series intensities for muons, may be different for 
pions and muons. They are;
1) For pions, any intensity in the Lyman series above the 2-1
transition leads to a pion not being counted.
i
2) For muons, the whole of the 2s popultion does not contribute to
the summed series intensity as A.1=0 transition is strictly 
forbidden for radiative transitions.
3) There is also a possibility that direct nuclear capture of
pions by hydrogen can occur from highly excited molecular 
orbitals (Ponomarev 1973)* (Schneuwly 1977).
4) Nuclear capture of pions by the atom that the pion is
atomically captured on is inevitable, neglecting the small 
number of pion decays. If this occurs above the n=2 state
then the pion will be lost from our calculation.
TARGET C/0 CAPTURE RATIOS
-ve MUONS -ve PIONS
Malonic acid 0.49+0.03 0.45+0.03
Glutaric acid 0.98+0.06 0.83+0.03
Pimelic acid 1.47+0.10 1.42+0.06
TE plastic 15.59+1.59 21.55+2.11
Table 6.8 
Coraprison of -ve muon and 
-ve pion capture ratios
Results from cascade calculations for isolated atoms show that the 
effects of the first two points are negligible. This is because these 
cacades have small populations in the 2s and np (n>2) states. 
However,we are not dealing with isolated atoms and the formation of 
molecular orbitals could change the selection rules. This point is
discussed at length in chapter 7. Any significant contribution from 
point 3 is clearly very serious. Direct nulear capture of pions will 
lead to a reduction in the contribution of hydrogen transfer of pions 
in comparison with muons. Discussion of point 4 must be postponed 
until chapter 7. In all of the above points for the effects to 
influence our results it is necessary not only for there to be a 
significant difference between pions and muons but also between oxygen 
and carbon.
Table 6.8 gives our muon results with the pion results given for 
comparison and table 6.9 gives experimental results for muons by other 
workers in this field.
TARGET C/0 CAPTURE RATIOS SOURCE
TE plastic 13.3 Reidy et al. 1975
TE liquid 0.18 Reidy et al. 1975
Pig fat 4.59+0.21 Daniel et al. 1973
Pig fat 1.25+0.24 Reidy et al. 1975
Pig muscle 0.24 Reidy et al. 1975
Pig liver 0.18 Reidy et al. 1975
Table 6.9 
Experimental results for -ve muons
Comparison of the above with our results is not very informative, 
results
Comparing our pion^ and the muon results of Reidy et al. gives 
agreement for the TE liquid and disagreement for the TE plastic, our 
muon result for TE plastic however agrees with that of Reidy et al.
The pig fat result of Daniel et al. is in good agreement with our pion 
result for pig fat 2 (belly fat). Comparison with the tissue results 
of Reidy et al. is not useful due to significant differences in the 
chemical compositions of the samples (Hutson et al. 1976)
Chapter 7 «»»»»»»»*» Cascade calculation
7.1 Introduction
Carrying out a cascade calculation consists of running a computer 
code that is designed to simulate the cascade undergone by the pion 
folowing capture into an atomic orbit. The input of the code is the 
angular momentum distribution of the pion at the initial value of the 
principal quantum number. The important output is the intensities of 
the measured Balmer series transitions which were measured 
experimentally. The strategy is to vary the input until the output 
resembles the measured intensities as closely as possible. The 
comparison between each pair, of data sets,is made by calculating values 
of chisquared/data point.
The cascade calculation was necessary to test the validity of 
certain assumptions implicit in the method of calculating capture 
ratios employed here. That is using the summed-Balmer series intensity 
as a measure of the number of pions captured onto a particular atom. 
The assumptions are ;
1) The intensity of the Lyman series (np— 1s) for n>2 
is negligibly small.
2) The Auger component of all of the measured Balmer 
series transitions is negligible.
3) Nuclear absorption of pions does not occur, to any 
significant degree, above n = 2.
It was also hoped that the calculation would provide extra
evidence for the molecular model of meson capture by demonstrating, that 
the initial angular momentum distribution found for various targets 
could be related to the molecular structure..
7.2 The cascade process
The penetration of the pion through the electron cloud is complex 
and not well understood, however once the n = 16 level has been reached 
the pion is inside the electronic K shell and it behaves like a heavy 
electron in a spherically symmetric potential. It cascades down 
through the energy levels, via radiative and Auger transitions until 
the pionic and nuclear wave functions overlap sufficiently for the pion 
to be absorbed by the nucleus.
The selection rules for radiative transitions are An =
-1,-2,-3.•.etc. and Al = +1. The selection rules for Auger
transitions are the same except that the Al = 0 transition is no longer 
absolutely forbidden. Conventionally the Auger.process dominates- the 
early stages of the cascade whilst radiative transitions dominate the 
final stages with the transition point between the two being directly 
related to Z, i.e. the bigger the Z of the element concerned the 
larger the value of n where this transition occurs.
The probability of a radiative transition is proportional to
(Eisenberg and Kessler 1961);
1) The square of the matrix element (favours small An).
2) The cube of the energy difference (favours large An).
In most cases 2) predominates so that transitions to the lowest
possible n are preferred. This results in preferential population of
the circular states (n, l=n-1).
The Auger process favours the transitions; An's -1 , Al = -1.
This does not lead to preferential population of circular orbits, 
however it does not allow the pion to escape from the circular orbits 
once it has arrived into one. Therefore the conventional picture of 
the pionic cascade involves a high proportion of the pions hopping down 
through the circular orbits. A typical example is given in table 7.8.
7.3 The cascade code
The actual cascade code used was LFCA549 implemented by G. Squier 
on the nuclear structure library at the Rutherford laboratory. The 
code was written by J. Huffner, modified by G. Hunt and revised by W. 
W. Sapp.
It is assumed that the cascade involves a single isolated atom.The 
cascade starts at a value of the principal quantum number which is 
chosen by the user but cannot be greater than 17. The code provides 
several standard forms of angular momentum distribution and also allows 
the user to input the individual populations independently.
The transition matrix elements for radiative transitions are 
calculated in the electric dipole approximation using non-relativistic 
pion wave functions for a point nucleus and assuming the selection 
rules appropriate to a single spherically symmetric system. The 
transition matrix elements for Auger transitions are calculated using 
hydrogenic electron wave functions with the experimental binding energy 
of the Z-1 atom, i.e. assuming complete screening by the pion.Instant 
refilling of vacancies is also assumed in the code. Table 7.6 shows 
that the outcome of the fitting procedure was minimally affected by 
small changes in the initial value of n.
Absorption widths are read in for the 1s, 2p, and 3d states and 
these values are used to generate widths for the higher s, p, and d 
states respectively in the subroutine SNARF which uses the formula by 
West (West 1958).
The cascade code is normalised to make the number of pions 
entering the cascade equal to one,i.e. £ iPCDinitial = 1,°* 7110
cascade then proceeds by considering all of the possible ways in which 
a pion can leave each 1 state. The population of each state is 
distributed amongst these various processes in proportion to the 
relative transition rates. The relative transition rate of a 
particular transition, relf^rans(nl), is given by
^ I P a d ^ n ^  “ n ?  ^ + I  l a u g ^ n ^  n * l *  l n u c ^ n ^  + £  f d e c a y ^ n ^  J
where nl represent Initial states 
n’l1 represent final states 
and all summations are over all final states.
Alternatively this can be viewed as the absolute transition rate times 
the lifetime of the state. In the case of nuclear absorption or of 
pionic decay the pions disappear from the cascade. In the case of 
transitions to a lower 1 state, the population of the lower* 1 state is 
incremented by the product of the population of the initial state and 
the relative transition rate. This process is then continued down 
through the cascade. The output includes the population of every 
allowed 1 state, the transition rate of every allowed transition, the 
normalised intensities of the radiative transitions between the 
principal quantum states and also information on pion decays and 
nuclear absorption.
The pertinent results from the cascade calculations are given in 
tables 7.14 and 7.15. The intensities in these tables represent the 
proportion of pions, initially entering the n=17 level, that make a 
particular transition.
7.4 The data
The data are presented in table 7.1. This table also contains
data from another experiment which have been used in this analysis.
The two sets of data for graphite are in good agreement. This is the 
only comparison we have.
7.4.1 Visual inspection of the data _
The first task involved carefully inspecting the groups of. data 
(from Table 7.1, the groups are as described in section 2.2) and 
tabulating and graphing them in various ways in an attempt to find some 
correlation between them and various features of the targets that had 
generated them. In particular if any of the three ways of capturing a 
pion, i.e. direct atomic capture, capture via a molecular orbital or 
capture via hydrogen transfer resulted in an identifiable trend. The 
main point to come out of this exercise was that the relative intensity
ratios for both carbon and oxygen varied greatly with the compound that
the atom inhabited i.e. its molecular environment.
TARGET RATIO CARBON OXYGEN
Glutaric anhydride (4-2)/(3-2) 0.265 + 0.011 0.328 + 0.025
(5-2)/(3-2) 0.053 + 0.010 0.108 + 0.007
C 6—2)/(3—2) 0.005 + 0.007 0.022 + 0.002
(7—2)/(3—2) ---- 0.009 + 0.005
(8-2)/(3-2) ---- 0.003 + 0.003
Succinic anhydride (4-2)/(3-2) 0.256 + 0.018 0.319 + 0.024
(5-2)/(3-2) 0.051 + 0.012 0.095 + 0.002
(6—2)/(3—2) ---- 0.010 + 0.004
Maleic anhydride (4-2)/(3-2) 0.245 + 0.018 0.319
•=rCM
o
.
o
 +1
(5-2)/(3-2) 0.055 + 0.013 0.099 + 0.005
(6—2)/(3—2) 0.011 + 0.004 0.021 +  0.002
(7-2)/(8-2) ---- 0.011 +  0.003
(8-2)/(9-2) ---- 0.005 +  0.003
Xylose (4—2) / (3—2) 0.285 +  0.018 0.390 +  0.020
(5—2) /(3—2) 0.070 + 0.012 0.142 + 0.008
(6-2)/(3-2) --- 0.057 + 0.004
(7-2)/(3-2) -- 0.020 + 0.005
Table 7.1
The experimental relative intensities 
(Cont. over)
G1ucose (4-2)/ 3-2) 0.262 + 0.019 0.334 + 0.025
(5-2)/ 3-2) 0.045 + 0.013 0.130 + 0.005
(6-2)/ 3-2) 0.020 + 0.008 0.037 + 0.003
(7-2)/ 3-2) -- 0.009 + 0.003
(8-2)/ 3-2) -- 0.005 + 0.003
Sucrose (4-2)/ 3-2) 0.279 + 0.018 0.341 + 0.030
(5-2)/ 3-2) 0.066 + 0.012 0.124 + 0.005
(6-2)/ 3-2) 0.008 + 0.007 0.036 + 0.003
(7-2)/ 3-2) -- 0.014 + 0.003
(8-2)/ 3-2) -- 0.004 + 0.002
Mannose (4-2)/ 3-2) 0.362 + 0.021 0.322 + 0.015
(5-2)/ 3-2) 0.085 + 0.018 0.128 + 0.007
(6-2)/ 3-2) -- 0.034 + 0.003
(7-2)/ 3-2) 0.029 + 0.006
(8-2)/ 3-2) --- 0.021 + 0.006
Trehalose dihydrate (4-2)/ 3-2) 0.321 + 0.018 0.342 + 0.019
(5-2)/ 3-2) 0.066 + 0.014 0.136 + 0.006
(6-2)/ 3-2) --- 0.030 + 0.002
(7-2)/ 3-2) --- 0.012 + 0.005
(8-2)/ 3-2) -- 0.012 + 0.006
Table 7.1
The experimental relative intensities 
(Cont. over)
Carbon dioxide (4-2)/ 3-2) 0.483 + 0.023 0.224 + 0.008
(5-2)/ 3-2) 0.117 + 0.018 0.079 + 0.003
(6-2)/ 3-2) 0.022 + 0.002
(7-2)/ 3-2) ------- 0.007 + 0.002
(8-2)/ 3-2) ------- 0.004 + 0.002
Water (4-2)/ 3-2) ------- 0.289 + 0.021
(5-2)/ 3-2) ------- 0.103 + 0.003
(6-2)/ 3-2) ------- 0.029 + 0.002
(7-2)/ 3-2) ------- 0.008 + 0.001
(8-2)/ 3-2) ------- 0.002 + 0.001
Mylar^ (4-2)/ 3-2) 0.197 + 0.025 0.392 + 0.034
(5-2)/ 3-2) 0.047 + 0.005 0.131 + 0.014
(6-2)/ 3-2) 0.013 + 0.005 0.053 + 0.010
Graphite (4-2)/ 3-2) 0.156 + 0.012 —
(5-2)/ 3-2) 0.027 + 0.005 —
(6-2)/ 3-2) 0.005 + 0.003 —
s
Graphite (4-2)/ 3-2) 0.18 + 0.02 —
(5-2)/ 3-2) 0.002 + 0.001
*Data from W.W. Sapp  ^Data from (Von Egidy
(Sapp 1972) Table 7.1 and Povel 197*0
The experimental relative intensities
7.5 Fits
As little is known about the shape of the angular momentum
distribution and there were too many variables to allow them to vary 
independently, the investigation began with the standard angular 
momentum fits.
7.5.1 Statistical fits
A common assumption about the population of the angular momentum 
states is that it is proportional to the number of states. This gives
p(l) « (21+1) 0 < 1 < n-1 (7.1)
A more flexible form of distribution commonly used in cascade 
calculations is the modified statistical distribution
p(l)oc exp(ai) (21+1) 0 < 1 < n-1 (7.2)
Plots of P(l) vs. 1 for a range of a are shown in Fig. 7.1.
2
Table 7.2 shows the value of X . for both the basic statistical 
distribution and the best found modified statistical distribution. The
values of the constant a corresponding to the best found modified
statistical fit are given in table 7.3. Two points did emerge from 
this section ; firstly the general shape of the preferred distribution 
i.e. enhancement of the middle section and depletion of the population
of the highest 1 states, also that a wide range of a was necessary
0.10
\ = -0.15
\
a = -0.20
= -0.25
161412.8 1 10
<* -642
Fig. 7.1
This shows P(L) vs. 1 for a range of a.
i 0 5 ^  u c .
TARGET STATISTICAL DIST 
CARBON OXYGEN 
CHISQUARED
MOD. STAT. DIST 
CARBON OXYGEN 
CHISQUARED
Water — 38.11 — 3.78
Carbon dioxide 119.52 4.86 8.59 0.40
Graphite 1.67 — 1.18 —
Mylar 4.98 19.98 0.35 1.34
Glutaric anhydride 41.96 12.19 6.35 5.82
Succinic anhydride 20.51 10.98 2.13 5.81
Maleic anhydride 11.53 11.87 2.15 4.37
Xylose 35.35 67.61 1.66 2.30
Glucose 13.81 38.48 2.19 1.95
Sucrose 21.24 38.31 ■ 3.83 1.85
Mannose 60.62 36.74 3.12 • 4.08
Trehalose dihydrate 51.21 43.95 4.83 8.76
Table 7.2
p
values of ^ for the basic statistical distribution 
and for the best found modified statistical distribution
TARGET VALUE OF a
CARBON OXYGEN
Glutaric anhydride -0.14 -0.04
Succinic anhydride -0.15 -0.04
Maleic anhydride -0.13 -0.04
Xylose -0.18 -0.18
Glucose -0.15 -0.13
Sucrose -0.14 -0.12
Mannose -0.25 -0.13
Trehalose -0.22 -0.12
Water — -0.07
Mylar -0.07 -0.17
Carbon dioxide -0.33 . -0.03
Graphite +0.02 —
Table 7.3
This gives the value of a coresponding 
to the best found modified statistical 
fits for both carbon and for oxygen.
All error bars = +0.02.
to fit all of the targets (+0.01 to -0.33) i.e. a was 
dependent on molecular structure.
strongly
7.5.2 Fits with populations of individual states varying
This second stage of the calculation was designed to obtain a
clearer picture of the shape of the angular momentum distribution and
1
in particular to investigate whether the fit was particuarly sensitive 
to changes in the populations of individual 1 states. This was 
achieved by using the following distribution
P(l) « (21+1 )[1 + C6n  ] 0 « 1 ^ n-1 (7.3)
i
where <5  ^ iS the Kronecker delta. This allows the population of 
i
one state to be varied whilst all of the other states retain their 
statistical populations. At this point it proved necessary to reduce 
the number of targets dealt with to three; glutaric anhydride, glucose 
and carbon dioxide were considered to be a representative sample. This 
was necessary because of the large amount of work needed to fit each 
target. Results for oxygen in glucose and carbon dioxide are
l - ‘ -
2
shown in tables 7.^ and 7.5. Each table also gives the x found for the 
statistical and best found modified statistical fits for comparison. 
The gaps are due to the shortage of computing time. The general trends 
however are quite clear. It can be seen that increasing the 
populations of the 1=8, 9 or 10 states leads to an improved fit and the 
fit continues to improve as the population is further increased up to a 
factor of M. The fit was also improved by decreasing, or completely 
removing the populations of the 1=131 1M, 15 or 16 states.
h C
-1 -3/4 -1/2 +1/2 +2 +3 +4
0 38.48 38.29
1
2 38.91 38.29
3
4 39.33 37.27
5 35.59 33.26
6 39.48 35.40 33.77 33.26
7 33.30 31.48
8 42.41 32.95 28.06 21.38 15.68
9 30.98 27.14
10 44.32 31.08 25.65 17.78 11.56
11 34.64 29.63 24.06
12 38.46 38.12 37.60 37.75
13 29.91 32.59 33.61
14 24.22 27.92 31.13 43.34
15 17.31 22.31 27.22
16 15.54 15.57 26.18 46.53
Table 7.4
Values of X 2 obtained by applying eq. 7.3 to 
the intensity ratios from oxygen in glucose.
v ' ^ u . v u x a i / x v i l rage bo
*i
-1 -1/2
C
+1/2 +1
0 4.86 4.72
1
2 5.09 4.50
3
4 5.33 4.08
5 3.46
6 5.53 3.33
7 2.21 1.42
8 7.81 1.95 0.88
9 1.09 0.20
10 9.98 1.07 0.26
11 2.53 1.34
12 8.24 5.61 4.21
13 1.51 2.64
14 0.23 1.22 8.68
15 7.53 0.58 1.00
16 12.74 1.10 13.50
Table 7.5
?values of X obtained by applying 
eq. 7.3 to the intensity ratios from 
oxygen in carbon dioxide.
7.5.3 Fits with the population of more than one state varying
The above process was extended by using the following distribution
P(l) (21+1 )[U5iCi<511 ] o « 1 < n-1 (7.*0
i
to vary several states simultaneously. The results,for oxygen in 
carbon dioxide, given in table 7.7, show that the fit obtained can be 
further improved by introducing a cut-off point in 1 above which the 
populations are all set to zero. The value of the cut-off point is 
dependent on the element and the molecule.
7.6 Complete fits
In this section the earlier procedure is extended to cover all of 
the 1 states. It was necessary to cut down further the number of 
molecules investigated to carbon dioxide and water. This was because 
of the large amount of work involved and the fact that the larger 
molecules proved too complex due to the fact that each type of atom 
occupies more than one type of environment and is involved in more than 
one type of bond. In appendix (1) a theoretical model, utilizing a two 
centre picture of the capture process with core electrons forming 
atomic orbitals and valence electrons being combined into molecular 
orbitals, is outlined and used to derive angular momentum distributions 
for carbon dioxide and water.
INITIAL n
13 16.706
14 7.652
15 6.729
16 6.667
17 6.611
Table 7.6
Variation of chisquared with n,the quantum level 
into which the Pions are initially introduced. 
All other input parameters are kept constant.
h CARBON OXYGEN CARBON OXYGEN -
16 5.70 15.54 91.56 12.74
16,15 0.60 1.59 51.25 152.50
16,15,14 14.10 47.38 13.94 658.14
16,15,14,13 103.29 323.15 6.75 ---
16,15,14,13,12 --- ■-- 119.47 ---
14,13, -- --- ■ -- 5.48
Table 7.7
Values of X2 obtained with the A.M. distribution given by 
given by eq. 7.4 for various values of 1^ andC^ = -1.
7.6.1 Carbon dioxide
The predicted distribution given for carbon, which resulted in 
X  ^  = 0.96, was
PCI) = A(3.52X21+1) 0 4  1 4  B
= A(2.00)(21+1) 8 < 1 « 12 (7.5)
= A(2.00X21+1) 1 = 13
= 0  1 > 13
where A is a normalisation constant. The best fit actually found was 
for the distribution
P(l) = A(3.52X21+1) 0 C 1 « 7
= A(2.00X21+1) 7 < 1 « 12 (7.6)
= A(0.5X2.00X21+1) 1 = 13
= 0 1 ^ 13
which is very similar to 7.5 except that the cut-off has been smoothed. 
The value for x^ was 0.90.
The distribution predicted for oxygen in carbon dioxide was
P(l) = A(9.24X21+1) 0 s< U <  9
= A(6.00X21+1) 9 < 1 « 16 (7.7)
= 0 1 ^ 16
which resulted in a x 2 of 1’72' A slight modification of this gave 
the best found overall fit which was
P(l) = A(9.24X21+1) 0 « 1 « 7
= A(6.00X21+1) 7 < 1 < 16 (7.8)
p
and gave a X of 0.90. This was not the best actual fit found.
Better fits were obtained by varying the populations of single states, 
as is evident from table 7.5. It is difficult however to imagine a 
process that would populate a single A.M. state so strongly whilst 
neglecting its immediate neighbours.
7.6.2 Water
The situation is complicated in the case of water by the presence 
of hydrogen. An extra term is needed to account for hydrogen transfer 
(see section 5.2.3). The hydrogen transfer parameter, aQ = 0.362, is 
derived from the pion charge exchange data (Jackson and Tranquille 
1982). The theoretically predicted version is
P(l) = A[10(2l+1)+6ao(2l+1)3 0 v< 1 v< 5
P(l) = A(10)(21+1) 5 < 1 4  11 (7.9)
P(l) = A(6)(21+1) 11 < 1 ^ 13
P(l) = 0 1 » 13
This distribution yields a X^ of 38.1. The best distribution with a 
non zero transfer term is
P(l) = A[10(21+1)+6aQ(2l+1) 
P(l) = A(10)(21+1)
P(l) = A(6)(21+1)
0« 1 « 5
5 < 1 < 14 (7.10)
14 < 1>£ 15
with aQ - 0.25 this gave X2 = 0*83, however with aQ = 0.00 f *X 
was 0.66. This result does not support the assumptions by Ponomarev et 
al.(Ponomarev 1966, Ponomarev and Puzynina 1967* Ponomarev 1969) 
concerning the treatment of pions transferred from hydrogen onto a 
heavier atom (see table 7.10 and 7.6.3).
The presence of a cut-off point in the 1 distribution has the 
effect of pushing the pions from the circular orbitals towards the 
lower 1 states. This causes the whole character of the cascade to 
change as can be seen from tables 7.8 and 7.9. Notice in particular 
the difference in the population of the S and P states.
7.6.3 Distribution in n
Up until now it has been assumed that the pions enter the cascade 
at the n=17 level. This assumption is not necessarily correct. In 
particular pions captured in the vicinity of the valence electrons or 
captured via hydrogen transfer might well enter the cascade at a lower 
level. Unfortunatey the code provided no facility for inputting a
distribution in n, however a makeshift method involving stopping the
code at a particular level, inputting some extra pions, renormalising 
and starting the code again was used. The method was not totally 
satisfactory as some pions were "lost11. Control runs showed that
errors of between 20% and 80% were introduced. It was however
satisfactory to rule out certain distributions where the chisquared 
value varied by more than an order of magnitude. The results of these 
runs are given in tables 7.11 and 7.12.
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No. DESCRIPTION OF POPULATION CHISQUARED
1 . Theoretical prediction eq. 7.5 0.961
2. Best found eq. 7.6 0.896
3.
6.
n=17 P(1 
n=17 +P(1 
n=10 +P(1
n=17 P(1 
n=17 +P(1 
n=9 +P(1
n= 17 P(1
n=17 + P(1 
n=17 + P(l
n=17 P(1 
n=17 + P(1 
n=17+ PCI
cc 2 (21+ 1 )
« (1/2 )(2)(21+1) 
cc (1.52X21+1)
a (2 )(21+1)
- (1/2X2X21+1) 
a (1.52X21+1)
« (2)(21+1)  
a ( 1 / 2 ) ( 2 ) ( 21+1 ) 
a (1.52X21+1)
a (2 ) (21+ 1 )
- (1/2X2X21+1) 
“ (1.52)(21+1)
0 1 >, 12
1 = 13 10.916
0 > 1  > 9
0 >, 1 >y 12 
1 = 13 11.081 
0 > 1 > 8
0  ^1 ^ 12
1 = 1.763
0 » 1 » 9
0 > 1 > 12
1 = 13 0.961
0 1 > 8
Table 7.10
Fits to carbon in carbon dioxide. Fits 3- and 4. refer to 
distributions where the pions captured onto valence electrons 
populate n=10 and n=9 respectively. Fits 5. and 6. are the 
same as 3. and 4. except that all of the pions populate n=17-
P(l) CC ( 10) (21+1 ) 0 > i >y 14
POPULATION USED FOR ALL (1/2) (21+1) 1 = 15
FITS IN THIS TABLE
0 1 > 16
CONDITION ao CHISQUARED
(1) 1.041
(2) 0.758
(3) 1.0 10.635
0.5 2.425
0.1 1.649
0.0 1.041
(4) 1.0 2.205
0.75 2.120
0.5 2.043
0.25 1.945
0.1 0.783
iiiiii
O 
1 
• 
1
O 
1 1 1 111
0.758
Table 7.11
Gives the value of chisquared resulting from 
various treatments of hydrogen transfer. 
(Nos. explained in text.)
Table 7.10 shows that attempts to feed those pions that have been 
captured onto valence electrons directly into the cascade at the n = 9 
or the n = 10 levels tend to lead to a worsening of the fit. Table 
7.11 shows, for a particular A.M. distribution, the effect of treating 
the pions captured via hydrogen transfer in several different ways.
Section (1) deals with the no contribution case. Section (2) is a 
control run to test the accuracy of the method used to add pions at n 
levels lower than the initial n value. The discrepancy between the 
values in sections (1) and (2) is a measure of the size of the error
introduced by using the method employed in section (2). In section (3) 
it is assumed that hydrogen transfer populates the n = 17 level. The 
value of x2 is given for a range of values of aQ. In section (4) it 
is assumed that the pions captured via hydrogen transfer populate the n 
= 6 level and again the value of x2is given for a range of aQ.
7.7 Corrections to the capture ratios
As stated in section 7.1 the assumption that the probability of 
pion capture is proportional to the summed Balmer series depends on the 
magnitude of the three processes listed in section 7.1 being 
negligible. This was tested in the case of carbon dioxide by using the 
results of the cascade calculation. Carbon dioxide was chosen because 
with this molecule the a's corresponding to the best found modified
statistical distribution were more different for carbon and oxygen than
for any other molecule (see table 7.3). For this reason any resulting 
effects on the capture ratios should be most evident for the carbon 
dioxide molecule.
CARBON OXYGEN
n STATISTICAL
MODEL
BEST
FIT
STATISTICAL
MODEL
BEST
FIT
1 11.44 9.28 8.30 8.00
2 49.52 25.00 52.99 47.52
3 9.82 11.91 8.57 8.12
4 8.93 13.41 7.42 8.20
5 7.50 13.31 6.77 7.84
6 5.21 10.59 5.38 6.38
7 3.00 6.47 3.79 5.01
8 1.64 3.59 2.37 3.16
9 0.92 2.03 1.39 1.86
10 0.56 1.23 0.84 1.11
Table 7.12
Number of pions absorbed from each principal quantum 
level expressed as a percentage of the number of 
pions originally input into the cascade.
Reffering to tables 7.14 and 7.15, it should be noted that the 
intensities given in these tables represent the proportion of pions 
that make a particular transition per pion entering the cascade. 
Neglecting pion decay , nuclear absorption and Auger transitions, every
pion that enters the cascade must make either a Balmer or a Lyman
series transition (excluding the 2— 1). Therefore, if the stated 
assumption is correct, then the sum of the intensities of these 
transitions should be equal to one. Pion decay can be completely 
neglected as this accounts for less than 0.001% of the pions, according 
to the results of the cascade code. Tables 7.14 and 7.15 both give 
results from two separate runs of the cascade code, one with normal 
absorption and one with the absorption turned off. In the no
absorption case summing the intensities of the Balmer and the Lyman 
series (excluding the 2— 1) gives approximately 0.95 in both the
statistical and the best fit cases. If the missing Auger component is
added to this the figure is very close to one. However in the normal
absorption case this is not so. The sum of these intensities for
carbon is 0.85 in the statistical A.M. distribution case and 0.34 in 
the best fit A.M. distribution case. The Auger component is 
approximately 0.05 in both cases so the percentage of pions lost from
levels higher than n = 2 due to nuclear absorption is considerable,
especially in the best fit case.
As the correction factors turned out to be much larger than
expected, three methods of making the correction are given. All of 
them rely on an assumption that cannot be completely justified. The
major problem is that the output of the cascade code showed that
significant nuclear absorption was occurring from levels as high as 
n=10 (see Table 7.12). This is at least partially accounted for by the 
shape of the angular momentum distribution used. As stated previously 
the effect of the cut-off point in the angular momentum distribution is-
to drive pions into low 1 states and it is from these states that 
absorption occurs.
The correction factor for the Auger component was straight forward 
enough. Table 7.13 gives the ratio of the radiative transition rate 
for the Balmer series emitted from carbon dioxide to the total 
electromagnetic transition rate. The inverse of this ratio was used, 
in both methods B and C to enhance the measured intensities to 
compensate for the Auger component. The correction for Lyman and 
Nuclear effects did however differ in the three methods.
Method A was the simplest and most obvious correction method but 
it did require a great deal of confidence in the cascade calculation. 
It consisted simply of summing the normalised intensities, using the 
results of the best fit cascade calculation, of all of the lines of the 
Balmer series that had been measured and using the reciprocal of this 
figure to correct the actual measured summed Balmer series intensity, 
i.e. forcing this figure to be one, as it should if all of our 
assumptions in section 7.1 are justified. Method A gave the following 
results;
correction factor using the statistical model = 1.1064
therefore the corrected capture ratio = 0.208
correction factor using the best fit model = 1.9770
therefore the corrected capture ratio = 0.372
The objection to this method is that the correction is made to the 
summed intensity rather than being made line by line. This point is 
illustrated by the inequality
In>2 *nMn ^  ^In>2 J^^n>2
where I = observed intensity per pion of transition n— 2 
and Mn - number of pions absorbed above n = 2 that would 
have made an n— 2 transition had they not been 
absorbed.
The correction I have made is represented by the right hand side of the 
inequality and the correction I would like to make is represented by 
the left hand side of the inequality.
In method B the Lyman component is accounted for by summing the 
normalised intensities of the Lyman series members above n=2, using the 
data from the best fit A.M. distribution cascade code run. This gives 
the proportion of pions not making Balmer series transitions because 
they jump over the n=2 state via a Lyman transition. The summed Balmer 
seies intensity is therefore increased in this proportion.
The nuclear absorption correction is implemented using the 
absorption figures given in 7.12 The assumption here is that if-the - 
pions had not been absorbed they would have contributed to each line in 
the Balmer series in proportion to the observed intensities; the 
absorbed pions have been redistributed among the lower levels
TRANSITION RATIO IN CARBON RATIO IN OXYGEN
3— 2 0.897 0.959
4— 2 0.959 0.984
5— 2 0.972 0.989
6— 2 0.976 0.991
7— 2 0.978 0.992
8— 2 0.980 0.993
9— 2 0.981 0.992
10— 2 0.981 0.993
TABLE 7.13 
Ratio of radiative transition rate to 
total electromagnetic transition rate 
for the Balmer series in CO2 .
TRANSITION NORMAL NO TRANSITION NORMAL NO
ABSORPTION ABSORPTION ABSORPTION ABSORPTION
2— 1 0.0800
CARBON
0.6271
3— 1 0.0117 0.1387 3— 2 0.4386 0.4871
4— 1 0.0093 0.1128 4— 2 0.0632 0.0945
5— 1 0.0067 0.0522 5— 2 0.0145 0.0249
6— 1 0.0039 0.0149 6— 2 0.0037 0.0060
7— 1 0.0017 0.0039 7— 2 0.0011 0.0016
8— 1 0.0007 0.0011 8— 2 0.0004 0.0005
9— 1. 0.0003 0.0004 9— 2 0.0001 0.0002
10— 1 0.0001 0.0001 10— 2 0.0001 0.0001
2— 1 0.0581
OXYGEN
0.6332
3— 1 0.0069 0.1053 3— 2 0.4346 0.4691
4— 1 0.0055 0.0976 4— 2 0.0912 ■ 0.1200
5— 1 0.0046 0.0711 5— 2 0.0291 0.0463
6— 1 0.0033 0.0308 6— 2 0.0084 0.0145
7— 1 0.0021 0.0101 7— 2 0.0026 0.0043
8— 1 0.0011 0.0033 8— 2 0.0009 0.0014
9— 1 0.0006 0.0012 9— 2 0.0004 0.0002
10— 1 0.0003 0.0005 10— 2 0.0002 0.0002
Table 7.14
Relative intensities from cascade calculations using 
a statistical initial angular momentum distribution.
TRANSITION NORMAL NO TRANSITION NORMAL NO
ABSORPTION ABSORPTION ABSORPTION ABSORPTION
2— 1 0.0395
CARBON
0.3868
3— 1 0.0141 0.1995 3— 2 0.1619 0.2421
4— 1 0.0318 0.1926 4— 2 0.0738 0.1311
5— 1 0.0116 0.0987 5— 2 0.0213 0.0418
6— 1 0.0076 0.0304 6— 2 0.0064 0.0113
7— 1 0.0036 0.0083 7— 2 0.0022 0.0032
8— 1 0.0014 0.0025 8— 2 0.0008 0.0010
9— 1 0.0006 0.0008 9— 2 0.0003 0.0004
10— 1 0.0002 0.0003 10— 2 0.0001 0.0001
2— 1 0.0522
OXYGEN
0.5824
3— 1 0.0066 0.1075/
3— 2 0.3810 0.4191
4— 1 0.0056 0.1098 4— 2 0.0836 . 0.1177
5— 1 0.0054 0.0869 5— 2 0.0294 0.0509
6— 1 0.0042 0.0399 6— 2 0.0096 0.0176
7— 1 0.0028 0.0135 7— 2 0.0033 0.0056
8— 1 0.0015 0.0044 8— 2 0.0012 0.0019
9— 1 0.0007 0.0016 9— 2 0.0005 0.0007
10— 1 0.0004 0.0006 10— 2 0.0002 0.0003
TABLE 7.15
Results from cascade calculations with an initial angular 
momentum distribution as in the best found fit for CC^.
in this proportion and then the intensity of each line has been 
adjusted. Table 7.16 shows the effect of these corrections on the 
intensities and the capture ratios for both the conventional 
statistical angular momentum distribution and the best found 
distribution. The weakness in the assumption about the redistribution 
of absorbed pions is, that the pions are absorbed almost completely 
from the P states and it is these pions that contribute to the Lyman 
series, so that redistributing them only among the Balmer series is not 
correct.
Method C was an attempt to correct for this weakness. The cascade 
code was run with the same angular momentum distributions as in method 
B but with the nuclear absorption turned off. In this manner it was 
attempted to allow the pions to behave as they would have had they not 
been absorbed. This is only true within the existing theoretical 
framework assumed by the cascade code. It is not correct if the pion 
nucleus potential modifies the pion wavefunction as this will alter the 
relative transition rates...
Comparison between the two sets of output, with and without 
absorption, gave the Nuclear and Lyman correction factors. The 
correction was implemented step by step as in method B. The nuclear 
absorption correction was implemented by multiplying the intensity of 
each experimentally measured Balmer series transition, by the ratio of 
the intensities of the corresponding Balmer series transitions 
(corrected for the Auger component) in the no absorption case and in 
the normal absorption case. That is the following ratio
f \
The intensity of the corrected The intensity of the corrected
Balmer series transition as Balmer series transition as
predicted by the cascade V predicted by the cascade
calculation in the no calculation in the normal
r
absorption case.
t -
absorption case.
4
The Lyman component correction was implemented by multiplying the 
measured intensity of each Balmer series transition (corrected for the 
Auger component and for nuclear absorption) by the following ratio
The intensity of the Lyman series, 
transition, with the same initial 
n as the transition being 
corrected for, as predicted by 
the cascade calculation in the no 
absorption case.
The intensity of the 
corresponding Balmer series 
transition also as given 
by the cascade calculation 
in the normal absorption 
case.
The resulting figure, representing the the Lyman intensity, is then 
added to the intensity of the Balmer series transition being corrected.
The results from the cascade code are given in tables 7.14 and 
7.15 and the implementation of the correction, for both the statistical 
and best fit models are illustrated in tables 7.17 and 7.18. It is 
apparent from these tables that whilst all three methods of 
implementing the correction are in reasonable agreement (error bars = 
15%) in the statistical A.M. distribution case, only A and C are in 
good agreement in the best fit A.M. distribution case.
TRANSITION ORIGINAL ENHANCED FOR ENHANCED FOR AUGER LOSS 
VALUE AUGER LOSS AND NUCLEAR ABSORPTION
STATISTICAL MODEL BEST FIT
CARBON
3— 2 4028 4492 6292 8331
4— 2 1844 1923 2091 2252
5— 2 322 331 334 337
other lines 97 99 100 100
6291 6845 8817 11020
OXYGEN
3— 2 25346 26432 38037 49153
4— 2 5422 5509 5773 5833
5— 2 1903 1924 1947 5835
6— 2 563 568 569 570
7— 2 181 183 183 183
8— 2 87 88 88 88
33502 34704 46597 49153
CO ratio 0.188 0.197 0.189 0.224
C/0 ratio
corrected for 0.192 0.202 0.194 0.230
Lyman lines
Table 7.16
Corrections to the Balmer series intensities. (Method B)
TRANSITION ORIGINAL + AUGER + N. ABS + LYMAN
CORRECTION CORRECTION CORRECTION
CARBON
3— 2 4028 4492 4978 6249
4— 2 1844 1923 2816 6107
5— 2 322 331 569 1724
6— 2 97 99 162 551
7— 2 33 34 50 170
8— 2 12 12 15 33
6291 6845 8617 14843
OXYGEN
3— 2 25346 26432 28531 34673
4— 2 5422 5509 7250 13051
5— 2 1903 1924 3063 7715
6— 2 563 568 971 3005
7— 2 181 183 303 1013
8— 2 87 88 137 460
33502 34704 40255 74751
C/0 ratio 0.188 0.197 0.214 0.199
Table 7.17
Corrections to the relative intensities using the output 
from the cascade code run with a statistical initial A.M. 
distribution. Method C.
TRANSITION ORIGINAL + AUGER + N. ABSn + LYMAN
CORRECTION CORRECTION CORRECTION
CARBON
3— 2 4028 4492 6717 11682
4— 2 1844 1923 3418 8234
5— 2 322 331 650 2142
6— 2 97 99 174 642
7— 2 33 34 49 176
8— 2 12 12 15 34
6219 6845 11023 22958
OXYGEN
V.
3— 2 25346 26432 29075 34673
4— 2 5422 5509 7752 14869
5— 2 1903 1924 3336 8966
6— 2 563 568 1042 3379
CM11C- 181 183 316 1065
8— 2 87 88 139 462
33502 34704 41660 64971
C/0 ratio 0.188 0.197 0.265 0.359
Table 7.18
Corrections to the relative intensities using the output 
from the cascade code run with the best fit angular 
momentum distribution. (Method C).
7.8 Conclusion
The results presented here show that the shape of the initial angular 
momentum distribution can be related to the molecular structure of the 
target material.
The results also indicate that although the Auger correction 
factor is always under 5%, the combined Lyman and nuclear absorption 
factors can be considerably larger. The actual size of these 
correction factors is heavily dependent on the shape of the angular 
momentum distribution, as evidenced by the large difference in the 
corrections necessary in the statistical and the best fit A.M. 
distribution cases.
The correction factors calculated for carbon dioxide ( -80$) are 
very serious in terms of the capture ratios presented in chapter 6. It 
should be remembered however, that carbon dioxide represents the 
extreme case of all of the targets irradiated. This is due to the
large difference in the best found A.M. distributions for the carbon 
and oxygen contained in the molecule. The difference in the a fs for 
the best modified statistical fits to carbon and oxygen in carbon 
dioxide was 0.30 (see table 7.3). The largest difference shown by the 
other targets fitted using the cascade code was 0.12.
The fact that the cascade code used here is inappropriate for
molecules, as explained earlier, means that the actual' correction
factors are not reliable. They do however cast enough doubt on the
accuracy of the capture ratios presented in chapter 6 to indicate that 
the formulation of a molecular cascade code to answer the questions
raised here is an important next step, both for pion radiotherapy and 
to further the understanding of exotic atoms.
Chapter 8 ***»»»»»»» Conclusion
8.1 Discussion of capture ratios
The major conclusion to be drawn from this section of the work is
that the predictions of the Fermi Teller law, and indeed of any law
that is linear in Z, fail to agree with the capture ratios calculated
from the data collected during the experiment at TRIUMF.
8.1.1 Medical implications
The medical implications of this failure of the Fermi Teller law
are of major consequence. It is common practice at present to base
dosimetry calculations for -ve pions on the capture ratios calculated 
from the Fermi Teller law. As explained in chapter 1 the charged
particle spectra produced by -ve pions stopping on, say carbon and
oxygen are different and lead to different absorbed doses. Therefore 
the C/0 capture ratios have a significant effect on the absorbed
doses.The Fermi Teller C/0 capture ratio predictions are on average
higher than the experimental figures by a factor of 1.7.
The agreement between the Fermi Teller predictions and the T.E. 
materials is even worse. The prediction for T.E. plastic, a material 
commonly used in pion dosimetry, leads to an overestimation of dose in 
the peak region of a -ve pion beam of approximately 30$. None of the
supposedly T.E. materials used were found to be equivalent to the pig
tissue samples, i.e. the capture ratios were not closely matched. The 
best of the group was T.E. liquid.
8.1.2 The effect of impurities
An interesting feature of the results is the correlation that 
exists between the largest departures from Fermi Teller and the 
presence of small amounts of elements heavier than H,C,N or 0..
8.1.3 Comparison of -ve pion and -ve muon results
This comparison was rather inconclusive with two of the four 
elements being in agreement. The differences could be due to a genuine 
difference in the relative number of captures caused by direct nuclear 
capture on hydrogen leading to a”reduction in the hydrogen transfer 
term. It could also be caused by errors in the pion capture ratios 
caused by nuclear absorption occuring from levels higher than n = 2.
8.2 Discussion of the cascade calculation -
The cascade calculation produced some suprising results. Previous 
work in this field has, almost without exception, assumed that the 
initial A.M. distribution of the meson (or the muon) has taken either 
a statistical or a modified statistical distribution. These forms of 
distribution were found to be inappropriate for the molecules analysed 
here. A molecular model utilizing a two centre picture of the capture 
process achieved a good degree of success in predicting those 
populations that gave the best fit to the data. The dominant feature 
of these initial A.M. distributions was a cut off point at high Z 
above which all 1 state populations are zero.
The shape of the distribution proved to be extremely important in
terms of the correction factor calculated for the carbon dioxide
capture ratio, using the cascade calculation results. Assuming a 
statistical distribution for both carbon and oxygen resulted in no 
significant correction. However using the best fit populations gave a 
correction factor of approximately 80$. Carbon dioxide represents the 
worst case in terms of correction factors due to the very large 
difference in the best found A.M. distributions for carbon and oxygen. 
The modified statistical fits to the larger group of molecules
indicates that the correction factors for the rest of this group will 
be very much smaller.
8.3 General conclusion
It follows from above that the results of this work must of needs 
be viewed somewhat sceptically. This is because some doubt has been 
thrown on the reliability of the capture ratios by _the size of the 
correction factor for carbon dioxide calculated from the cascade 
calculation which in turn is called into question by the fact that it 
is an atomic tool being used for a molecular application. However
despite the reservations expressed above; the general success achieved 
by the molecular model in describing the summed intensity ratios 
between different elements in the same molecule, the intensity 
variations in the lines emitted by each element in a molecule and the 
pion exchange reaction of bound hydrogen provides overwhelming evidence 
for the molecular nature of pion capture and strong evidence for the 
general ideas contained in the molecular model outlined in chapter 5.
8.4 Sugestions for Further work
1) There is a pressing need for the calculation of
pionic molecular orbitals and for the formulation 
of a molecular cascade code. Work towards this end 
is at present underway at Surrey.
2) There is also a need for a calculation to be
performed, utilizing the pig tissue and T.E. 
material capture ratios, to determine the doses 
absorbed by these materials by stopping -ve pions 
in them.
3) Finally, useful information could be obtained by
collecting data from other targets, a pure oxygen 
target would be particuarly usefull.
Appendix 1
Predictions of angular momentum distribution
The need for a cutoff in the angular momentum distribution at 
the starting value of n was noted by Godfrey (Godfrey G.L. 1975) in 
an analysis of Kaonic X-rays. He noted that, since 1 ~ kr, the 
maximum value of 1 may be associated with the bond length between 
the capturing atom and a neighbouring atom, with the implication 
that orbits with larger values of r, and hence l,do not clearly 
belong to one atom. This suggests that the molecular structure does
indeed have a significant effect on the atomic cascade.
According to our earlier work (Jackson et al. 1982, 2 papers) 
there is a probability that the pion is captured directly into an 
atomic orbit, which is proportional to the number of core electrons 
N (n in the main text) in the atom. There is also a probability 
that the pion is captured first into a molecular orbital in the
vicinity of the valence electrons and then deexcites onto the atom
in question, which is proportional to 2»w where v  is the valency and 
w is a parameter which depends on the ionicity of the bond and has 
been determined by fitting the gummed intensity ratio. Some values 
of these quanties are given in Table A.1.
We assume that the pion has been captured when its momentum is 
comparable to that of the electron, and that the maximum 1-value for 
which we can be sure that the pion is captured by the specified 
atom, instead of the neighbouring atom to which it is bonded, is
given by
til,max ~ (mvL x (Bond length).
According to simple Bohr theory we have
(mv)e = (z/n) x 0.198 x 10 ”23 mkgs"1.
For a bond length in Anstrom units, we find
imax - 1.876 * BL * (Z/n). (A.1).
For carbon, the two core electrons are in a 1s orbit and the four 
valence electrons are in 2s and 2p orbits in hybridized form. 
Slater (Slater 1930) gave the effective Z as (Z-0.3) for 1s
electrons and (Z-4.15) for 2s and 2p electrons but these appear to
be unrealistically high for light elements (Jackson and Hawkes 
1981). Here we have taken Zeff, = Z for core electrons and Zeff 
= Z-1 for the valence electrons. For oxygen, the six core electrons 
are in 1s, 2s and 2p orbits and the two valence electrons are in 2p 
orbits. In this case, we have taken Zef.^ - Z-0.5 for the core and 
Zgff = Z-1 for the valence electrons.
Alternatively, the pion may be captured in a molecular orbital 
in the vicinity of the valence electrons. According to the two 
centre model developed by Ponomarev and collaboraters (Ponomarev 
1966), (Ponomarev and Puzynina 1967)» (Ponomarev 1969)* the pion 
levels above nQ are molecular states and those below are atomic
states on one of the two centres. If the two atoms have atomic
numbers Z-j and Z2, the Pi°n states with principal quantum number 
n < nQ(zp are atomic states on atom Z-j, where
nQ(Z1) = [ Z , ! t / 2 ( U 2 { Z 2 / Z . l } ' l / 2 ) 1 1 / Z
and R is the distance between the two nuclei in 'mesomolecular
units’, i .e.
R = (BL/rgXn^/mg) = 516 x BL(S)
where rB is the Bohr radius. We assume that lmax = nQ- 1, 
even though the system is not spherically symmetric, so that
lmax ~ 22.7 [Z1BL/2(1+2{Z2Z1}1/2)31/2 - 1 (A.2)
The model of Ponomarev et al. does not take account of
electron screening but we have attempted to do this using an
effective Z. The values of effective Z given above are appropriate 
if the pion is well inside the electron cloud; if the pion is on 
the edge of the electron cloud, as seems more likely when the
molecular orbits are formed, there may be almost complete screening 
and Zeff - 1.
We have determined lmax for capture on both core and valence
electrons from eq. (A.1) and have also calculated 1 for themax
valence electrons from eq. (A.2). This yields the results given in 
Table A.1 where the uncertainties relate to the range of values 
obtained from different methods of calculation for the valence 
electrons and different choices of The values of 3Lmax^c^
appear to reprduce the effects seen in Table 7.7.
We take the angular momentum distribution to be statistical up 
to with weighting given by the values of the constants N andIllaX
2 wf listed in table A.1 to obtain the populations used in sections 
7 . 6 . 1.
For the water molecule there is the additional complication of 
transfer of pions from the hydrogen to the oxygen. Statements in 
the literature claim that this process occurs at low 1-values 
(Daniel 1973), (Holzwarth and Pfeiffer 1975), (Pfeiffer 1975). This 
however appears to apply to transfer by collision in gases. The 
two-centre model of Ponomarev et al. predicts that transfer occurs 
when the and the pTT energy levels intersect. Using their formula 
and assuming (with doubtful validity) that no change of pion angular 
momentum occurs in the transfer, we find lmax ~ 5 for hydrogen 
transfer in water. The predicted angular momentum distribution is 
used in section 7.6.2. The transfer paramater aQ defined in 
section 5.2.3 was found to be aQ = 0.2-0.6 by fitting the summed 
intensities from chapter 6 and to be equal to 0.326 by fitting the 
pion charge exchange reaction (Jackson and, Tranquille 1982).
BOND LENGTH CORE ELECTRONS VALENCE ELECTRONS 
(A) N 1max 2 w W
C in CO,
0 in CO,
1.16
1.16
2 1 3 + 2  1.52
6 1 6 + 2  3.24
8 + 4
9 + 4
o in H2o 0.96 13 + 2 4.00 1 1 + 5
Table A.1
Values of various paramaters needed in theoretical 
predictions of angular momentum distributions.
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Abstract. F r o m  measurements of x-rays emitted w h e n  a negative pion stops in a material, 
the relative capture probabilities in various elements can be deduced. Results are presented 
for the ratios of captures in carbon to captures in oxygen for pig tissues and several 
tissue-equivalent and lyoluminescent materials. Comparison is m a d e  with the Fermi-Teller 
law, which proves to be quite inadequate, and in selected cases also with a model which 
takes into account molecular effects and transfer of pions initially captured on hydrogen. 
T h e  implications of the results for pion dosimetry are discussed.
1. Introduction
Because local tumour treatment in radiotherapy is limited by the tolerance of con­
tiguous normal tissues, means have been sought to widen the therapeutic ratio between 
effects on tumour and effects on these limiting tissues. In this context, negative pions 
offer certain advantages and, in particular, display a densely ionising end-of-range 
region compared with a rather sparsely ionising plateau region to which the adjacent 
normal tissues would be subjected. Following a suggestion by J Rotblat, the possible 
advantages of negative pions for radiotherapy were first outlined by Fowler and Perkins 
(1961) but only in recent years have negative pion beams become available for clinical 
studies.
The pion is a strongly interacting particle, 273 times heavier than the electron. 
Like any other heavy charged particle, the pion travels in an almost straight line 
through a material, losing energy by excitation and ionisation, and stops at a certain 
depth which depends on its energy. The rate of energy loss increases greatly near the 
end of the range, followed by an even sharper fall to zero. This yields the Bragg peak 
in the depth-dose curve. When a negative pion is stopped in tissue it is captured into 
an excited state of a pionic atom or molecule. In a pionic atom, the pion is captured 
initially into an atomic orbit with high principal quantum number n and it then cascades 
through the pionic atomic energy levels making first non-radiative Auger transitions 
and then x-ray transitions (Barrett and Jackson 1977). The pion may be captured 
by any element present in the material but, if the pion is first captured by hydrogen, 
the pion is likely to be transferred to an atom of higher atomic number Z  because 
the magnitude of the binding energy, which is proportional to Z 2, is greater for the 
heavier atom.
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When the pion reaches the lowest atomic orbits, its distribution overlaps that of 
the nucleus. A nuclear interaction can then take place, causing disintegration of the 
nucleus and emission of short-range charged particles and longer range neutrons and 
y-rays (Jackson and Brenner 1981). This process is known as star formation. The 
charged particles (protons, deuterons, tritons, a-particles and lithium nuclei) are 
heavily ionising so that the dose from these particles will be deposited with high l e t  
which results in high r b e . This high l e t  component has a low o e r  (Ellis et al 1976, 
Raju et al 1978). The ‘star’ dose due to pions will be deposited locally on top of the 
pion Bragg peak, giving a higher r b e  and lower o e r  in the peak than in the plateau 
region.
Recent measurements have given information on the energy spectra and multi­
plicities of the particles emitted following capture of stopped pions on typical light 
nuclei found in biological media, particularly carbon and oxygen (Klein et al 1979, 
Mechtersheimer et al 1978,1979, Miinchmeyer 1979). The neutron spectra are rather 
similar but the charged particle spectra are significantly different. The numbers of 
heavily ionising charged particles produced in captures on oxygen are less than in 
captures on carbon and the mean energies are lower. It is therefore a matter of 
importance to know quite accurately the relative probabilities for pion capture on 
carbon and oxygen atoms. The pioneering work by Fowler and Mayes (1967) and 
most subsequent dose calculations have assumed the validity of the Fermi-Teller law 
(Fermi and Teller 1947) which predicts that the probability of capture on an atom in 
a chemical compound is proportional to the atomic number Z  (Z-law). This rule has 
been shown to fail for a number of experimental measurements on inorganic materials 
and several alternative formulae have been proposed. None of these formulae take 
account of the chemical bonding of the atom.
Recently, a mesomolecular model of the pion capture process has been developed 
(Ponomarev 1973, Schneuwly 1977, Schneuwly et al 1978) which yields encouraging 
results for simple inorganic molecules. We have extended this model to include the 
transfer process from hydrogen and obtain good agreement with measurements of 
the relative capture probability in carbon and oxygen in a wide range of organic 
molecules (Jackson et al 1982).
We report here the relative pion capture probabilities in a range of pig tissues, 
tissue-equivalent materials, and lyoluminescent materials, obtained by measuring the 
total intensities of emitted x-rays in the Balmer series. The Lyman series can not be 
used because of the broadening of the atomic Is level due to the pion-nucleus 
interaction. Comparison is made with the Z-law and with the mesomolecular model. 
The implications of the results for pion dosimetry are discussed.
2. Experimental details
The experiment was performed using the biomedical pion channel at TRIUMF,
Vancouver (Harrison and Lobb 1973). The channel was tuned to a momentum of 
170 ± 10 MeV c"1 which, with a proton beam current of 30 pA, produced an incident
flux of approximately 2 x  108 particles s_1 at a distance of 3 m from the final focusing
element of the beam line. Beam contamination at this momentum was 40% electrons
and 5% muons.
A conventional plastic scintillation counter telescope, schematically illustrated in 
figure 1, was used to detect negative pions stopping in the target. Three counters in 
triples coincidence (SI, S2, S3), with a lead collimator between counters 1 and 2,
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Figure 1. Schematic diagram of the experimental arrangement.
defined the beam incident upon the target. The area of counter 3 (50 x 50 mm2) was 
slightly less than that of the target perpendicular to the beam. A fourth, high efficiency, 
counter was positioned immediately behind the target and set in anticoincidence with 
the triples telescope to detect particles stopping in the target. In order to maximise 
the number of negative pions stopping in the target a block of aluminium energy 
degrader was placed between counters 2 and 3. At this momentum the pion range 
is approximately 220 kg m~2 requiring 79 mm of aluminium to place the peak of the 
stopping profile at the centre of a target of unit density. The f w h m  of the measured 
stopping profile was 20 kg m-2. Because of the relatively high contamination in the 
beam, an additional coincidence was set up between the counter telescope stopping 
signal and a pion time-of-flight ( t o f )  signal to reduce false triggers due to muon or 
electron stops or scattering events. The t o f  signal was obtained from a measurement 
between counter 3 and a proton beam monitor upstream of the pion production target.
Samples for irradiation were formed into rectangular targets with dimensions 
138 mm x 60 mm x 10 mm and mounted at an angle of 30° to the incident beam 
direction, perpendicular to the x-ray detector axis. In this orientation they presented 
an area of 60x60 mm2 to the beam and had an effective thickness of 20 mm. In 
order to reduce contamination from organic materials, aluminium was used to construct 
the target holders. In general, the samples required total containment and so a target 
cell was designed which consisted of a rectangular aluminium frame with thin (25 p,m) 
aluminium foil beam windows stuck onto the frame with a silicon-based sealant. After 
each sample had been irradiated the aluminium frame was carefully cleaned and the 
beam windows replaced.
Photons emitted from the target were detected using a horizontally mounted, 
hyperpure germanium (HPGe) detector with an active area of diameter 25 mm and 
active depth of 10 mm. The detector was situated at a distance of 173 mm from the 
centre of the target and inclined at an angle of 60° to the beam direction. The 
resolution of this detector was approximately 450 eV at 6 keV and approximately 
850 eV at 122 keV. Particular attention was paid to the shielding of the detector both 
to reduce the neutron flux through the detector and avoid contamination in the spectra
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from the plastic scintillators surrounding the target. The shielding, which was com­
posed of an outer-layer of borated wax, a layer of lead and an inner layer of aluminium, 
was arranged to maximise the solid angle acceptance of photons emitted from the 
target whilst minimising the acceptance of photons emitted from the scintillators.
Neutrons emitted following pion stops in the target could not be shielded against and 
during the course of the experiment some degradation of the detector resolution was 
observed though this did not seriously affect the analysis.
Analogue signals from the HPGe detector were accumulated on a 1024 channel 
analyser calibrated over the range from 6 to 140 keV. Operation of the analyser was 
gated by a suitably delayed coincidence between the pion stop signal from the counter 
telescope and a fast timing signal from the detector. A gate width of 100 ns was found 
adequate to collect more than 95% of the detector analogue signals corresponding 
to pion stops.
During typical operation with a proton beam current of 30 p.A and using a carbon 
production target the pion stopping rate was approximately 104 counts s-1 and the i
counting rate in the analyser was 10 counts s-1. Spectra were accumulated for between 
1 and 2 x 108 stopping counts requiring sample irradiation times of approximately five 
hours. At the termination of each irradiation the spectrum was written onto floppy 
disk for subsequent analysis. In addition to the sample irradiations, a spectrum was 
also obtained from a beryllium target to enable background subtraction to be made.
3. Choice and preparation of target materials
3.1. Choice o f targets
The targets chosen for irradiation were in three categories; animal tissues (discussed 
in section 3.2), tissue substitutes and lyoluminescent materials.
The tissue substitute materials selected were those considered to be the most 
commonly used in pion dosimetry. They were tissue-equivalent ( t e )  plastic, also 
referred to as A-150 plastic or Shonka plastic (Shonka et al 1959), t e  liquid, prepared 
as a percentage by weight mixture of 58.1% water, 7.6% urea and 34.3% glycerol, 
and Perspex (polymethylmethacrylate) with composition (C5H80 2)„. Water, perhaps 
the most common substitute for tissue, was not included because it can give no 
information on ratios of captures in carbon to captures in oxygen.
Lyoluminescent materials were also included in the list of materials to be irradiated ^
because of the interest that has been shown in them for dosimetry. Although these 
materials are less sensitive than thermoluminescent materials they have the benefit 
of being organic and therefore more similar in structure to tissue. Four lyoluminescent i
materials were chosen: two amino acids, dl-a-alanine C3H7N 0 2, and dl-valine 
C5H 1iN0 2, and two saccharides, d(+) mannose C6H i2C>6 and d (+ ) trehalose dihydrate 
C i2H26O i3.
3.2. Preparation and chemical analysis of the tissue samples
Samples of tissue selected for irradiation, which included muscle, fat, liver, kidney, 
lung and brain, were obtained from a mature pig immediately post mortem. Samples 
of muscle and fat were obtained from a second pig. These samples were placed in 
sealed plastic bags and stored in crushed ice until required for irradiation at which 
time they were minced to form a reasonably homogeneous target. Considerable care
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was taken to avoid losing any water when the samples were minced. The target cells 
were filled with the sample and the aluminium foil window sealed in place with the 
silicon-based sealant, which was chosen particularly because of its water resistant 
properties. Any material remaining after filling the target cell was returned for storage 
in ice, as were the irradiated samples upon completion of the irradiation.
Chemical microanalyses of all the samples were obtained. Because the micro- 
analytical samples represented only a small proportion of the irradiated sample, several 
microanalyses (3 to 5) were obtained for each tissue sample and an average taken. It 
is worth noting however that the individual measurements for a particular sample 
showed no large variations. Microanalyses were also obtained from unirradiated 
samples. These revealed that no significant chemical changes occurred in the tissues 
during the period of irradiation. The composition of the samples is given in table 1, 
where the percentage compositions for the major elements (H, C, N, O) are normalised 
to 100%. The composition of these animal tissues relates quite closely to the composi­
tion in man, except for fat which is most susceptible to differences in diet. The density 
of these samples was measured.
Table 1. Chemical composition of targets.
Material
Per cent by weight/atomic weight
Hydrogen Carbon Nitrogen Ox yg en
Kidney 11.6 1.01 0.25 4.55
Lu n g 11.8 1.08 0.25 4.48
Brain 12.2 1.32 0.17 4.35
Muscle 11.3 1.31 0.33 4.27
Muscle B 11.8 1.23 0.33 4.30
Liver 11.1 1.61 0.33 4.05
Fat 13.5 5.97 0.01 0.92
Fat B 13.1 5.52 0.07 1.23
t e  liquid 9.9 1.24 0.25 4.42
t e  plasticf 10.2 6.40 0.26 0.37
t e  plasticf 10.0 6.48 0.26 0.26
t H P A  1977 
f Shonka e t a l 1959
The atomic composition of the t e  liquid sample is also given in table 1. Also 
given in table 1  are atomic compositions for t e  plastic obtained from the original 
paper (Shonka et al 1959) and from a more recent analysis (HPA 1977). We have 
used the latter value for our calculations of the ratio of the experimental values to 
the Z-law predictions.
4. Data analysis
Capture ratios were determined from the spectra by comparing the total intensities 
of x-ray lines in the Balmer series of carbon, nitrogen and oxygen. In most cases it 
was possible to detect four lines of the Balmer series in carbon and oxygen. Because 
of the low nitrogen content, however, it was usually difficult or impossible to discern
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Table 2. Energies of the pionic Balmer series in 
carbon, nitrogen and oxygen.
Transition Energy (keV)
Carbon 3-»2 18.39
4->2 24.82
5-»2 27.79
6->2 29.40
Nitrogen 3 -> 2 25.10
4-»2 33.86
5-*2 37.91
6-»2 40.11
Oxygen 3-* 2 32.84
4-»2 44.31
5-»2 49.61
6-*2 52.81
the 7tN(5-2) and 7tN(6-2) lines in the spectra. The energies of lines in the Balmer 
series for carbon, nitrogen and oxygen are listed in table 2. Spectra, typical of those 
obtained, are illustrated in figures 2 and 3.
x-ray intensities were determined by using a version of the gamma ray analysis 
code s a m p o  (Routti and Proussin 1969) which is implemented at the University of 
London Computer Centre. This code uses shape calibration lines obtained from single 
intense peaks within the particular spectrum to fit selected regions of the data. Peaks 
are fitted with gaussian centroids and exponential tails and the continuum under each 
peak or multiplet of peaks is represented by a parabola.
Carbon pionic 
Balmer s e r i e s
to
O
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> Oxygen pionic 
Balmer s e r i e s_g
<L>a:
750 25 50 100
Carbon pionic 
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Balmer  s e r i e s
QJ
>
100
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Figure 2. Spectra for pig fat (left) and pig muscle (right).
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In the energy region of interest in this experiment, 18-52 keV, it was of particular 
importance to correct the individual x-ray intensities for self-absorption in the target. 
This correction was accomplished by evaluating, numerically, an integral which took 
into consideration the density dependent variation of the pion stopping profile within 
the target (fitted to a gaussian shape), the solid angle subtended by each element of 
area within the target to the detector and the attenuation experienced in each ray 
path within the target, x-ray attenuation coefficients for each of the targets were 
obtained by using the mixture rule with elemental attenuation coefficients derived 
from the recent parametrisation by Jackson and Hawkes (1981). Corrections for 
detector efficiency were found to be unnecessary following an experimental determina­
tion of the intrinsic peak efficiency over this energy range which indicated a constant 
value of approximately 80%. Similarly, no background subtractions, other than those 
by s a m p o , were performed because the spectrum taken using a beryllium target 
revealed no detectable contamination from the organic components of the scintillators.
The principal source of uncertainty in these measurements arose from the determi­
nation of peak areas. The main factors influencing the accuracy of these determinations 
were the peak intensities and the complexity of the region in which the peak was 
situated. Generally, the percentage errors in the total series intensities of carbon and 
oxygen, calculated by s a m p o , were in the range 4 to 7% though individual lines within 
the series showed a wide variation in percentage error from less than 3% for the low 
An transitions to 30% or greater for the less intense, high An transitions. Total series 
intensities calculated for nitrogen were subject to much larger errors because the 
nitrogen content in all the targets was relatively low, and also the main nitrogen 
transition, 7tN(3-2), and the 7tC(4-2) line at energies of 25.10 and 24.82 keV, respec­
tively, could not be separately resolved by the analysis code. The intensities of these 
lines were obtained by fitting the summed peak and estimating the individual intensities 
on the basis of the intensities of other transitions in the respective series.
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Uncertainties in the self-absorption correction were estimated by evaluating the 
integral with the mean values of the parameters concerned and also with one standard 
deviation added or subtracted from these parameters. This method indicated a 
percentage error of less than 1% for the correction in almost all cases.
Reproducibility of the results was not explicitly examined with this series of targets. 
For a series of simple organic materials irradiated under the same experimental 
conditions (Jackson et al 1982), this problem was addressed. Repeat measurements 
on several samples did give reproducibility within the estimated experimental error. 
Sample to sample variations of biological targets arising from tissue inhomogeneity 
can be expected to be minimal due to the large size of the targets used.
Table 3. Experimental capture ratios and predictions from the Z-law.
Material
C / O  capture ratio N / O  capture ratio '■
Exp. Z-law Exp. Z-law
Kidney 0.088 ±0.010 0.17 0.12±0.05 0.05
L u n g 0.083 ±0.009 0.18 0.10±0.02 0.05
Brain 0.121 ±0.008 0.23 0.06 ±0.02 0.03
Muscle 0.116±0.011 0.23 0.08±0.02 0.07
Muscle B 0.121 ±0.007 0.21 0.07 ±0.02 0.07
Liver 0.131±0.009 0.30 0.06 ±0.02 0.07
Fat 4.72 ±0.38 4.75 0.05 ±0.05 0.10
Fat B 1.93 ±0.09 3.36 0.02±0.01 0.05
t e  plastic 21.6 ±2.1 13.0 (18.4)t 0.87 ±0.64 0.61 (0.88)t
t e  liquid 0.17 ±0.02 0.21 0.04±0.01 0.95
Perspex 1.76 ±0.07 1.88 — —
Alanine 1.14 ±0.06 1.13 0.53±0.12 0.44
Valine 2.07 ±0.11 1.87 0.48±0.11 0.44
Ma n n o s e 0.73 ±0.04 0.75 — —
Trehalose dihydrate 0.55 ±0.02 0.69 ' — —
t T h e  value in parentheses is that obtained from the atomic composition given by Shonka et a l (1959)
The experimentally determined capture ratios are presented in table 3 together 
with capture ratios predicted by the Fermi-Teller Z-law. We have chosen to illustrate 
the results as a ratio of the experimental to predicted capture ratios separately for 
each target, in figures 4 and 5, as there is no obvious parameter to use for the horizontal 
axis.
5. Discussion of the results and comparison with theory
5.1. Comparison with the Fermi-Teller rule (Z-law)
From the results for the tissue samples it can be seen from figure 4 and table 1 that 
samples with similar compositions, i.e. kidney, lung, brain, muscle and liver, show a 
carbon/oxygen capture ratio which is consistently lower than predicted by the Z-law. 
Measured capture ratios for the two muscle samples, obtained from different pigs, 
are in good agreement. The fat samples, also from different pigs, were taken from 
different parts of the animals and were comprised of different types of fat with different 
atomic compositions (see table 1). The sample from the second pig (labelled fat B),
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Figure 4. Experimental results for the C / O  and N / O  capture ratios for the tissue samples divided by the 
theoretical ratio given by the Z-law.
which consisted of subcutaneous fat and could contain muscle fragments, gave results 
similar to the other tissues. The other sample consisted of belly fat. The average of 
the C /O  capture ratios for all tissues is given by
R (exp) =  0.58R (Z-law). (1)
The nitrogen/oxygen capture ratios behave in a manner which is not explained 
by the atomic composition. However these values do have large uncertainties owing 
to the difficulty, previously mentioned, of obtaining the total intensity of the nitrogen 
Balmer series.
3.0-
-  2.01 s a
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N
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1.0 -
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L yolum inescen t m a te r ia ls
0- TE TE P e rs p e x  liquid p la s tic
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Figure 5. Experimental results for the C / O  and N / O  capture ratios for the tissue-equivalent and lyolumines­
cent materials divided by the theoretical ratio given by the Z-law.
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It can be seen from figure 5 that the lyoluminescent materials give closer agreement 
with the Z-law, while the tissue substitutes show much greater discrepancies. All of 
these materials give very different results to the tissue samples.
The t e  liquid we have used does not contain any elements other than H, C, N, 
O whereas t e  plastic contains F (0.5%) and Ca (0.3%). For human tissues, it is 
usually assumed that fat contains only H, C, O, while other tissues contain, as well 
as N, small components of many other minor and trace elements (HPA 1977). We 
assume that the same is true for animal tissues. Our results then suggest that the 
rather large departures from the Z-law for t e  plastic and the tissue samples other 
than belly fat are due to the presence of these other elements. It is to be expected 
that the presence of these elements would influence the absolute capture rate, but 
our results indicate also an effect on the capture ratios. If this conclusion is correct, 
the definition of tissue equivalence for pions must take account of molecular structure 
as well as chemical composition.
These comparisons of experimental and predicted capture ratios indicate the 
inadequacy of the Z-law. In an experiment run concurrently with the one reported 
here (Jackson et al 1982) a series of organic materials with simpler molecular structures 
was irradiated to allow an investigation of the capture process in a controlled manner. 
As in this experiment, comparisons were made with the Fermi-Teller Z-law but also 
with other theories of atomic capture, all of which are Z-dependent. It was conclusively 
shown that none of these theories could adequately represent the experimental results.
5.2. Comparison with the molecular model
A phenomenological molecular model of pion capture was proposed by Ponomarev 
(1973) and developed by Schneuwly (1977). Briefly, this assumes that capture can 
occur directly into an atomic orbit or indirectly via a molecular orbit formed in the 
vicinity of the valence electrons. The atomic capture probability is then given by the 
expression
W {Z)ocn +2vo) (2)
where v is the number of valence electrons, n = Z  — v is the number of core electrons 
of atom Z  and co is the probability that the pion will de-excite from a molecular orbit 
to an atomic orbit on the atom of atomic number Z.
Because we are concerned with materials containing hydrogen it is also necessary 
to consider transfer from hydrogen to heavier atoms. This leads to an additional term 
in the capture probability (Jackson et al 1982), so that equation (2) becomes
W(Z)ocn+2i'(o + h8a (3)
where H  = hN  is the number of hydrogen atoms bonded to the N  atoms of type Z
in the molecule, S is the number of electrons participating in the transfer and a is
the transfer probability per electron. Various values for S have been discussed and 
some preference for the value 2 ^ - 1  has been deduced.
It is not the purpose of this paper to discuss the model in great detail but merely 
to indicate its success in representing the data from this experiment. There are 
essentially two variables in the model, the de-excitation probability, a>, and the transfer 
probability, a. Values of the remaining parameters are derived from the known atomic 
and molecular structure. In the determination of capture ratios in simple molecules 
containing only carbon, hydrogen and oxygen atoms we have shown that the assump­
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tion 0)O + a>o = 1 is valid. This implies that atomic capture on hydrogen from a 
molecular orbit does not occur or has very low probability, though this does not 
preclude direct atomic capture on hydrogen.
The most satisfactory overall agreement between the model and the experimental 
results for the carbon/oxygen capture ratios of the simple organic molecules containing 
only C, O and H, was found with <wc = 0.25, implying coO = 0.75, with the transfer 
parameter a varying for different molecular types between 0.19 and 0.34. The results 
for Perspex and t e  liquid can be reproduced exactly with ojc = 0.25, a = 0.21. t e  
plastic is considered too complicated in composition to include in this analysis.
If the average carbon/oxygen capture ratio for the tissues, given by equation (1), 
is compared with the basic molecular model, given by equation (2), neglecting hydrogen 
transfer and assuming o>c + <*>o = 1 (since the nitrogen content is low), the corresponding 
de-excitation probability ioc is found to be 0.23 ±0.04 which encompasses the average 
value for simple molecules.
5.3. Implications for pion dosimetry
Whilst the capture ratios determined in this experiment are of limited usefulness in 
testing the mesomolecular model, they are of considerable importance in negative 
pion dosimetry. For example, using these capture ratios in association with the results 
for the charged particle spectra discussed in the Introduction, it is clear that dosimetric 
calculations using capture ratios derived from the Z-law would substantially overesti­
mate the dose in tissue, with the possible exception of the dose in fat.
Of greater importance in this respect are the results from the tissue substitute 
materials, particularly t e  plastic. If the actual carbon/oxygen capture ratios are 
compared for muscle and t e  plastic it is evident that the plastic material is quite 
clearly not tissue equivalent for pions. (This observation remains valid whichever 
atomic composition given in table 1 is used.) The implications of this observation for 
practical pion dosimetry are considerable. Dosimetric measurements in pion beams, 
usually made with t e  plastic walled chambers, are based on the false premise of tissue 
equivalence which must inevitably lead to substantial overestimates of the dose in 
tissue. A rough calculation using data on the secondary charged particle spectra 
emitted following pion captures in carbon and oxygen (Mimchmeyer 1979, Henkelman 
1980, unpublished) reveals that the charged particle dose in t e  plastic is approximately 
70% higher than that in muscle. If it is assumed that the charged particle dose 
represents 40% of the total dose in the peak region of a pion beam (Ellis et al 1976, 
Wright et al 1979) then the overestimate of the total dose in this region will be 
approximately 30%.
Perspex, a commonly used phantom material, is also far from tissue equivalent 
for pions though a considerable improvement on t e  plastic. The liquid substitute 
would appear to be the only one of the materials studied in this experiment that could 
reasonably be used as a tissue-equivalent material for pions. The value of lyolumines­
cent materials in dosimetry over the more sensitive thermoluminescent materials lies 
in their tissue equivalence. Again our results cast doub.t on the validity of this 
assumption for negative pions.
5.4. Comparison with results for muons
Results for capture ratios obtained with muon beams are given in table 4. Our results 
for t e  plastic are in fair agreement with those obtained by Reidy et al (1975) but
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Table 4. Experimental ratios for muons.
Material C / O  capture ratio N / O  capture ratio Reference
t e  plastic 15.6± 1.6 0.47 ±0.08 This work
t e  plastic 13.3 0.64 Reidy e ta l  1915
t e  liquid 0.18 0.044 Reidy et a l 1975
Pig fat 4.59±0.21 — Daniel et a l 1973
Pig fat 1.25 0.24 Reidy et a l 1975
Pig muscle 0.24 0.033 Reidy e ta l 1975
Pig liver 0.18 0.032 Reidy e ta l 1975
both are in disagreement with our pion result for the C /O  capture ratio in this material. 
Our pion results for t e  liquid are in excellent agreement with the muon result of 
Reidy et al (1975) and our pion result for belly fat is in excellent agreement with 
the muon result of Daniel et al (1973). Our results for tissues are not in agreement 
with the muon results of Reidy et al (1975); this would seem to be due to significant 
differences in composition of the samples used (Hutson et al 1976).
There are reasons why the capture ratios determined for pions and for muons may 
not be identical. For pion measurements the summed intensities of the Balmer series 
are measured, while for muons the Lyman series are used. These will give closely 
similar results provided that the cascade process leads to a low population of the 2s 
and higher np (n > 2) states. Cascade calculations for isolated atoms confirm that this 
is indeed the case, but the formation of molecular orbitals could change the selection 
rules and change the angular momentum distribution at the beginning of the atomic 
cascade process. There is also a possibility that the transfer parameters are different. 
This arises because there is evidence that direct nuclear capture of pions by hydrogen 
can occur from highly excited molecular states (Ponomarev 1973, Schneuwly 1977). 
The probability of transfer of pions from hydrogen to heavier atoms would then be 
reduced in comparison to transfer of muons and hence, in molecules containing 
hydrogen, the carbon to oxygen capture ratio predicted by equation (3) would not be 
the same for pions and muons.
In our analysis of both pion and muon data we have assumed that the fluorescence 
yields are the same for C, N, O. This is the usual assumption for which there is some 
experimental confirmation (H Koch, quoted as a private communication by Miinch- 
meyer 1979).
6. Conclusions
Comparisons of the capture ratios determined from this experiment with those predic­
ted by the Fermi-Teller Z-law indicate that the Z-law is inadequate for organic 
materials. An alternative molecular model of pion capture, which has been shown to 
give reasonable agreement with capture ratios determined from simple organic 
molecules, has also shown agreement with the results from this experiment, where 
comparisons have been possible. Thus, these results provide additional firm evidence 
that the concepts employed in the model are correct. It can therefore be concluded 
that negative pion capture in organic materials is dependent on molecular structure 
and that transfer of pions initially captured on hydrogen is important.
Because of the differences in the charged particle spectra arising from nuclear 
interactions following pion capture in carbon and oxygen, an accurate knowledge of
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the atomic capture ratios is essential for accurate pion dosimetry. At first sight, it 
might appear satisfactory, at least for purposes of calculation, to treat fat as consisting 
wholly of hydrogen and carbon, and all other tissues as consisting wholly of hydrogen 
and oxygen. However, this would not explain the markedly different experimental 
results for the two fat samples, which have quite similar proportions of the main 
elements. Our results also indicate that tissue substitute materials for pions should 
not only have equivalent mass and electron densities and neutron cross-sections but 
also equivalent capture ratios. Our results demonstrate that none of the materials 
presently used as tissue equivalents fulfils this latter criterion. Furthermore, the results 
would suggest that if the mesomolecular model gives an accurate description of pion 
capture then for a material to have the same capture ratio as tissue it would require 
a similar, if not identical, molecular structure.
The implication of these results in practical pion dosimetry is clear. Whether 
measurements are made with t e  plastic walled chambers or lyoluminescent materials 
it must be recognised that the measured dose will be systematically incorrect because 
of the difference in the capture ratios between the detector material and tissue. 
However, these results also provide the basis for calculating and correcting this 
systematic discrepancy.
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Resume
Probabilites de capture des pions dans les tissus et les materiaux equivalents-tissus.
O n  deduit des mesures des rayons x  emis par l’arret d ’un pion negatif dans un materiau, les probabilites 
de capture relatives a divers elements. O n  presente les resultats pour les rapports de captures dans le 
carbone aux captures dans l’oxygene pour les tissus porcins et d ’autres materiaux equivalents-tissus et 
lyoluminescents. No us effectuons une comparaison a la loi de Fermi-Teller qui se revele tout-a-fait 
inadequate, et dans certains cas avec un modele qui prend en compte les effects moleculaires et le transfert 
des pions initialement captes par 1’hydrogene. No u s discutons des implications des resultats dans la 
dosimetrie des pions.
Zusammenfassung
Pioneneinfangeigenschaften im G e w e b e  und in gewebeaquivalenten Materialien.
A u s  Messungen der Rontgenstrahlen, die beim Ab br ems en eines negativen Pions in einem Material emittiert 
werden, kann m a n  auf die relativen Einfangeigenschaften in verschiedenen Elementen schlieJJen. Fur das 
Verhaltnis von Einfang in Kohlenstoff zu Einfang in Sauerstoff werden fur Schweinegewebe und einige 
gewebeaquivalente und lyolumineszente Materialien Ergebnisse prasentiert. Ein Vergleich mit d e m  Fermi- 
Teller-Gesetz, das sich als ziemlich unzureichend herausstellte, wurde gemacht; in ausgewahlten Fallen 
auch ein Vergleich mit einem Modell, das die molekularen Effekte und den Transfer von urspriinglich in 
Wasserstoff eingefangenen Pionen beriicksichtigt. Die Bedeutung der Ergebnisse fur die Pionendosimetrie 
wird diskutiert.
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Molecular effects in pion capture 
in complex materials
Daphne F. Jackson, C. A. Lewis’" & K. O’Leary
Department of Physics, University of Surrey, Guildford G U 2  5 X H ,  U K
G. K. Y. Lam
Batho Biomedical Facility, T R I U M F ,  Vancouver, Canada
Intensities o f X  rays from pionic atoms in various materials determine the pion capture ratio in carbon and oxygen. A  
molecular model with transfer from hydrogen has the features necessary to fit the data whereas the Fermi-Teller law 
(Z-law) fails. Implications for pion dosimetry and radiotherapy and for studies o f molecular structure are noted.
A  n e g a t i v e  pion is a strongly interacting particle, 273 times 
heavier than an electron. Like any other heavy charged particle, 
it travels in an almost straight line through material, losing 
energy by excitation and ionization, and stops at a certain depth 
which depends on the properties of the material and the incident 
energy of the pion. Little is known about the capture of stopping 
pions from the continuum into excited states ofa pionic atom or 
molecule1, as this process is simple only in metals when the pion 
can give up its energy to the conduction electrons2. In an isolated 
pionic atom, the captured pion falls from a highly excited state to 
lower states by electromagnetic Auger and X-ray processes 
which are well understood3.
The influence of the material in which the pionic atom is 
formed is manifested in several ways. Because the binding 
energy of a pion is proportional to Z 2, where Z  is the atomic 
number of the nucleus, a pion captured by hydrogen may be 
transferred to a more tightly bound orbit around a nucleus of 
higher Z. This means that deexcitation of pionic hydrogen by 
electromagnetic processes and subsequent nuclear capture of 
the pion by the proton are in competition with the transfer 
process. Experimental studies4,5 have shown that transfer of 
pions does occur in chemical compounds, mixtures of 
compounds and gas mixtures. Chemical and physical effects 
have been observed5-7 by measuring the intensities of X-ray 
lines emitted from selected elements in various compounds and 
mixtures and comparing the ratios of the summed intensities of a 
series for the same pair of elements in different materials or by 
comparing the relative intensities of the lines in a series for the 
same element in different materials.
When a pion reaches the lowest atomic orbits, its distribution 
overlaps with that of the nucleus. A  nuclear interaction can then 
take place, causing disintegration of the nucleus and emission of 
short-range charged particles and longer-range neutrons and y 
rays8. The charged particles are heavily ionizing and their energy 
is deposited on top of the pion Bragg peak. The neutron spectra 
produced by pion interactions in carbon and oxygen nuclei are 
rather similar9 but the number of charged particles produced by 
captures on oxygen is less than in captures on carbon and the 
mean energies are lower10. It is therefore important for pion 
radiotherapy to know accurately the atomic capture prob­
abilities for negative pions on carbon and oxygen atoms. The 
work by Fowler and Mayes11 and subsequent dose estimates 
have assumed the validity of the Ferm i-Teller law2 which pre­
dicts that the probability of capture on an atom in a chemical 
compound is proportional to Z  (Z-law). This rule has been 
shown experimentally to fail quite dramatically in inorganic 
materials12,13.
Mesomolecular model
A  mesomolecular model of the pion capture process has recently 
been developed12-14. Its essential feature is that the pion may be 
captured directly into an atomic orbit or may be captured first 
into a molecular orbit in the vicinity of the valepce electrons and 
subsequently deexcite to an atomic orbit. We have extended the 
model to include the transfer process from hydrogen15.
The ratio per molecule of captures on atoms Z i to captures on 
atoms Z 2 is given by14,15
R  =
+ 2vi(Oi + hiS^a]
N 2[n2 + 2 v 2(o 2 + h282a ] (1)
where Nt is the number of atoms of type i in the molecule, nt is 
the number of core electrons, is the num ber of valence 
electrons, cu, is the probability of de-excitation from the mole­
cular orbit to an atomic orbit of atom Z/, JV/Zz,- is the number of 
hydrogen atoms which are nearest neighbour to (bonded to) a
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Fig. 1 A  typical X-ray spectrum for organic molecules. This 
example is for malonic acid.
heavier atom Z„ 5, is the number of electrons participating in the 
transfer process and a is the probability per electron of transfer. 
(This treatm ent of the core and valence electrons is a 
simplification, valid for light atoms, of that given in ref. 14.) We 
have considered <5, = 1 and <5, = 2j>, — 1 as extreme pictures15 of 
the involvement of the valence electrons in the transfer process.
When a =  0 and ct)X =  co2 = 0.5, equation (1) yields the Z-law, 
because n,- +  =  Z,. When a =  0 and cox, a)2 are the same for all
molecules containing atoms Z x, Z 2, equation (1) predicts that 
the relationship between R  and N i/N 2 is a straight line passing 
through the origin. However, if hydrogen transfer is important 
or if o) depends on molecular structure, or both, discrepancies 
from a straight line relationship will be seen. When many 
different molecules are contained in the material, the values of 
Ni are determined by dividing the proportion by weight of 
element i by its atomic weight.
For non-polar chemical bonds the mesomolecular model 
yields14
(oi = Z j/'L Z j  (2)
and for molecules containing only carbon, oxygen and hydrogen 
this gives wc ==0.36, (o0 ~ 0.64, (oH ~ 0. Because the electro­
negativity, which is the power of an atom to attract electrons to 
itself, is different for different atoms, covalent bonds may have a 
polar character. It has been suggested14 that this effect will give 
rise to localization of the pion in the molecular orbital near the 
most electronegative atom. For a bond Z x-Z 2, the localization 
parameters are defined as p x = £(1 -  a ) ,  p 2 =  +  cr), where Z 2 is
the most electronegative atom and lOOo- is the percentage ionic 
character of the bond. The probability of capture from a 
mesomolecular orbit to an atomic orbit of atom Z ; is then given 
by14
&>, = PiZ^/lpiZ  f (3)
Thus the effect of polarity is to reduce the capture probability for 
the least electronegative atom and increase it for the most
electronegative one.
Outline of the experiment
W e have measured the relative intensities of lines in the Balmer 
series em itted by pionic atoms of carbon and oxygen in a range 
of m aterials15,16. For some materials we have also measured the 
intensities of the Balmer series in nitrogen. It is not feasible to 
study the pionic Lyman series because of the very considerable 
broadening of the atomic Is level due to the nuclear absorption 
of pions from this level. For these light elements the nuclear 
shifts and widths of the 2p and higher levels are negligible3, and 
so is the effect of electron screening.
The experiment was performed with the biomedical pion 
channel17 at the TRIU M F Laboratory, Vancouver, using a
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Fig. 2  E xp erim en ta l results for  the C /O  capture ratio R  p lo tted  
against th e  ratio N c / N 0  o f th e num ber o f  carbon atom s to  the  
num ber o f  oxygen  atom s.
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Table 1 Chemical composition of target materials
Dicarboxylic acids COOH(CH2)„COOH
Malonic acid n =  1
Succinic acid n = 2
Glutaric acid n =  3
Adipic acid n =4
Pimelic acid n = 5
Cyclic acid anhydrides
Maleic anhydride c 4h 2o 3
Succinic anhydride c 4h 4o 3
Glutaric anhydride c 5h 6o 3
Saccharides
d (  + ) Xylose c 5h 10o 5
d (  + ) Glucose CsH 120 6
D (  + )M annose c6H12o6
Sucrose C]2H22O u
d (  + ) Trehalose dihydrate Ci2H220 h • 2H20
Carbon dioxide (dry ice) co2
Amino acids NHJ • CHR.COO-
Glycine R = —H
DL-a-Alanine R = —CH3
d l - Valine R =  —CH(CH3)2
DL-Serine R =  —CH2OH
L-Cysteine R = —CH2SH
Tissue equivalent materials
Perspex (polymethylmethacrylate) (c 5h 8o 2)„
Tissue equivalent liquid 19 Water, glycerol, urea
Tissue equivalent plastic (A 1 5 0 )19 Nylon, polymethylene, carbon, 
calcium fluoride
conventional plastic scintillator counter telescope to detect 
pions stopping in the target. An additional coincidence was 
obtained between the stopping signal in the counter telescope 
and a pion time-of-flight signal to reduce false triggers due to 
muon or electron contamination or scattered events. X-ray 
photons emitted from the target were detected using a carefully 
shielded HPGe detector. Signals from the HPGe detector were 
accumulated on a 1,024 channel analyser which was calibrated 
over the range 6-140 keV. Measurements of detector efficiency 
and resolution were performed over the same range.
A  typical spectrum is shown in Fig. 1. The principal source of 
uncertainty in the analysis arose from the determination of the 
peak areas under the pion lines which were determined using a 
version of the y-ray analysis code SAMP O 18. The main factors 
influencing the accuracy were the magnitude of the peak 
intensities and the complexity of the spectrum. In general, the 
percentage errors in the total intensities for each element, as 
calculated by SA M PO , were 4-7% . No background subtrac­
tions, other than those performed by SAMP O, were needed. 
The total intensities for nitrogen were subject to much larger 
errors because the nitrogen content was low and the principal 
nitrogen line overlapped with a carbon line. It was particularly 
important to correct the individual X-ray intensities for self­
absorption in the target, but the uncertainties introduced by this 
correction was < 1 % . The errors shown in Fig. 2 are the 
standard deviations arising from all sources.
It is assumed that the summed intensities of the lines in the 
Balmer series is proportional to the atomic capture probability. 
The validity of this assumption is discussed below.
Choice of target materials
Table 1 lists the target materials and their chemical composition. 
The rather difficult measurement with dry ice was attempted 
because it was important to study a molecule containing carbon 
and oxygen but no hydrogen. However, the main emphasis of 
the experiment was on the ratio of captures in carbon and 
oxygen and the effect of hydrogen transfer, and therefore most 
of the samples consisted of molecules of carbon, oxygen and 
hydrogen. These molecules were chosen because of their biolo­
gical importance and also to vary the C /O  ratio and the number 
of OH and CH bonds. The character of the amino acids is
strongly influenced by the side-chain R; the form of R  for the 
chosen amino acids is given in Table 1. Certain amino acids and 
saccharides are strongly lyoluminescent, that is, they emit light 
when dissolved after irradiation in the dry state, and this pro­
perty has potential applications in dosimetry. Because of the 
importance of the results for the pion radiotherapy programme, 
several targets composed of animal tissues were irradiated. The 
targets comprised fat, muscle, brain, kidney, liver and lung from 
a freshly killed pig and samples of fat and muscle from a second 
pig. The elemental composition of these samples was obtained 
by chemical analysis before and after irradiation. No significant 
changes due to irradiation were noted. Several tissue equivalent 
materials used as muscle substitutes19, such as perspex, tissue 
equivalent liquid and tissue equivalent (A150) plastic, were also 
used. The special features of this part of the experiment are 
described eleswhere16.
Results
The experimental ratio R  of captures in carbon to captures in 
oxygen is plotted in Fig. 2 against the ratio N c / N 0 of the number 
of carbon atoms to the number of oxygen atoms in each mole­
cule, for those molecules containing only C, O and H. It is 
evident that although the expected trend of increasing capture 
ratio with increasing N c / N 0 is present, the results do not fall on 
the same straight line. The Z-law  is clearly inadequate. The 
largest discrepancy is an overestimate of 95% for carbon diox­
ide. For most, but by no means all, the organic molecules the 
Z-law  gives discrepancies of 20-25% .
The result for carbon dioxide is particularly important 
because the question of hydrogen transfer does not arise. Using 
equation (1) with hc = h0 = 0, we find the best value of toc to be 
o>c = 0 .19±0.06 , with the restriction that toC+ w o ~ l -  This 
result is very important as it suggests that equation (2) is not 
appropriate. The explanation for this result can be found by 
using the value of the ionicity of the carbon-oxygen bond to 
obtain the localization factors. For a single bond <x =  0.22 (ref. 
20), which yields pc = 0.39, po = 0.61 and toC =  0.26. But 
because carbon dioxide contains double bonds, it may be more 
appropriate to take a  =  0.44, which yields p c  =  0.28, p 0  =  0.72 
and hence coc = 0.21. Thus the downward shift of coc is a clear 
indication of the influence of the polarity of the bonds and the 
sensitivity of the atomic capture ratio to the electronic dis­
tribution in the molecule.
Inclusion of hydrogen transfer is not straightforward because 
we have as yet only plausible pictures of the process and no 
quantitative theory which predicts the values of the parameters. 
We have made x 2 fits to the data, for each group of similar 
molecules and for the whole set. The parameters were con­
strained so that 0=Sfls£l, (oc + (oo = l .  This yields
the parameters given in Table 2, with 8 = 2v — l. When {toc + 
wo) is allowed to fall below unity, to allow for a significant value 
of toH, there is no significant change in the results. When 5 = 1, 
the agreement with the data is comparable but in all cases
Table 2 Values of aic, ac and a0 obtained by fitting the data and assuming that 
coc + (o0 =1, 8 = 2i> — 1
OJC ac ao * 2
Acid anhydrides 0.25 0.258 * 0.98
0.335 0.130 * 0.00
Dicarboxylic acids 0.25 0.340 0.340 2.90
0.306 0.256 0.256 2.75
0.325 0.265 0.513 2.75
Saccharides 0.25 0.192 0.192 4.03
0.375 0.00 0.00 4.00
0.415 0.00 0.285 3.98
All the above 0.25 0.266 0.266 5.40
0.263 0.247 0.247 5.39
0.290 0.254 0.591 4.85
The first row for each group corresponds to the constraints a>c =  0.25, ac = aQ 
and the second row corresponds to the constraint ac = a0 with wc varied. For the 
third row, all three parameters are varied.
*No transfer occurs to oxygen.
Table 3 Values of R exp divided by R,heOTy for capture ratios in the amino acids
C /O  capture ratio
R'JRZ.^  ReJR  m o le c u la r  m o d e l
Amino acid (co0 = coc = 0.5, (oic  =  0.25, <w0 =  0.38,
target a =  0) ac =  0.16, aQ =  0.24)
Glycine 0.77 ±0 .04 0.85 ±0 .05
Serine 0.77 ±0 .05 1.00 ± 0 .0 6
Cysteine 0 .9 5 ± 0 .1 0 0 .9 7 ± 0 .1 2
Alanine 1.01 ±0.05 1.04 ±0 .06
Valine 1.11 ±0 .06 1 .08± 0 .06
N /O  capture ratio
(6>o =  " n =  0.5, (wN = 0.37, oi0 =  0.38,
a =  0) . • a N =  0.066)
Glycine 0.95 ± 0 .26 0 .86± 0 .23
Serine 1 .07±0 .28 1.00 ±0 .23
Cysteine 1.59±0 .45 —
Alanine 1.21 ±0 .27 1.10±0 .25
Valine 1.07 ±0 .23 1.00±0.21
toC ^  0.36 so that this model would not yield agreement with the 
result for carbon dioxide. If, however, we allow a > 1 an overall 
description can be obtained with a lower value of toC. This can be 
seen from the last line of Table 2 where 8c^c = 80a0 = 1.77.
The results for perspex and TE liquid can be reproduced 
exactly with w c  = 0.25, a c  =  a 0  =  0.21, whereas the Z -law  pre­
diction is too high in both cases. The values toC = 0.25, a c  =  
0.266 give excellent agreement21 with experimental results for 
cellulose acetate and mylar obtained at SIN, Zurich22.
For the amino acids, we have used the value ojc = 0.25 
deduced as an average value for other molecules (see Table 2). 
Quite good agreement for the C /O  capture ratio is then 
obtained with toO = 0.38, a c =  0.16, a o =  0-24, as can be seen 
from Table 3. Assuming that £,■ w,- =  1, we infer that toN = 0.37 
for the amino acids containing C, N, O, and H only (excluding 
cysteine). This yields excellent agreement with the data for the 
N /O  capture ratios, with aN = 0.066.
The results for the C /O  capture ratio in the muscle samples 
from the two pigs are in very good agreement. The results for the 
fat samples are quite different because the samples represent 
different kinds of fat from different parts of the animal. The 
sample of subcutaneous fat, which may contain muscle frag­
ments, gave results consistent with the other tissues16. Taking 
the average of the C /O  capture ratios for the tissue samples, we 
obtain
Rexp ~  0.58R Z ~  law*
Inserting this value into equation (1), neglecting hydrogen 
transfer and assuming (oc+co0 — 1 (the nitrogen content is low), 
we obtain ojc = 0.23 ± 0.04 which is in good agreement with the 
results for the organic molecules. The tissue equivalent m ateri­
als give quite different results for the C /O  capture ratio in the 
sense that R exp/R Z-law is 0.82 (TE liquid), 0.96 (perspex) and 
1.66 (TE plastic).
The large deviations from the Z -law  for cysteine, TE plastic 
and pig tissues are almost certainly due to the presence of 
additional elements, such as S(cysteine), F, Ca (TE plastic), 
m inor and trace elements (tissues).
Comparison with muon data
Similar measurements have previously been made with 
muons8,12,13,23,24 and also show significant departures from the 
Z-law. Because muons are not strongly interacting, the data are 
generally easier to interpret. However, there are reasons why 
the capture ratios for pions and muons may not be identical. We 
have assumed that the summed intensity of the Balmer series is 
proportional to the total capture probability for a particular 
element, while for muons it is assumed that the same is true for 
the Lyman series. Both assumptions will be valid if the cascade 
process leads to a low population of the 2s state and higher np 
states (n >  2). Cascade calculations for isolated atoms confirm 
that this is indeed the case, but formation of molecular orbitals 
could change the selection rules at the beginning of the cascade.
(Theoretical investigation of this point is in progress.) But to 
produce any significant error in our assumption, the effect would 
need to be significantly different in carbon and oxygen and there 
is experimental evidence that this is not the case for pions (H. 
Koch, personal communication quoted in ref. 22). There is also 
the more important possibility that direct nuclear capture of 
pions by hydrogen can occur from highly excited molecular 
states12'13. The contribution of transfer of pions from hydrogen 
to heavier atoms would then be reduced in comparison to 
transfer of muons.
From previous measurements23 of muon capture in tissues 
and tissue equivalent materials we have taken the concept of 
transfer from hydrogen to the nearest heavier atom but the 
particular model used, with 5 = 1, does not give the best 
description of our data. Furtherm ore, there is a factor of three 
discrepancy between the muon results reported for pig fa t23,24. 
A detailed comparion with the pion and muon data, including 
muon measurements made as part of our experiment, are given 
elsewhere16 and indicate that there are sufficient differences to 
make this detailed study of pion data necessary.
Discussion
The results for tissues and tissue equivalent materials are of 
considerable practical importance because the ratio of captures 
in carbon to captures in oxygen in real tissues is very much less 
than has hitherto been assumed. Our results confirm the 
suggestion25 that materials which are tissue equivalent to X rays, 
electrons and neutrons are not tissue equivalent for pions. This is 
clearly due to m ajor differences in molecular structure. 
H itherto, only atomic and nuclear properties, such as electron
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Pion-capture probabilities in organic molecules
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Experimental results are presented for atomic-capture probabilities of negative pions in 
organic molecules. The data are analyzed in terms of atomic and molecular models.
This analysis shows that the Fermi-Teller law (Z law) and its modifications do not give 
an adequate description of the data, but that a mesomolecular model together with hydro­
gen transfer contains the features essential to fit the data. Clear evidence is given for 
chemical effects in the pion-capture process.
I. INTRODUCTION 
A. Pion interactions in complex materials
The work reported in this paper is part of a pro­
gram concerned with the interactions of negative 
pions with complex materials, with particular 
reference to biological and tissue equivalent materi­
als. We report here the results of experimental 
studies with a selection of organic molecules, to­
gether with a few inorganic molecules, and the 
analysis of these results in terms of models of the 
pion-capture process.
A negative-pion incident on any material loses 
energy initially by ionization. Rather little is 
known about the next stage of slowing down and 
adiabatic capture from the continuum into excited 
states of a pionic atom or molecule.1 This process 
is simple only in metals where the pion can give up 
its energy to the conduction electrons.2 The deexci­
tation of an isolated pionic atom occurs by a cas­
cade process initially dominated by nonradiative 
Auger transitions until the x-ray transitions be­
come most important and circular orbits are popu­
lated. The physics of this cascade process in an 
isolated atom is quite well understood3 and stand­
ard cascade codes4 are used to calculate the transi­
tion rates arid x-ray yields for each transition, 
starting from an initial value of n, which is fre­
quently taken to be n ~  16 where the pion orbit 
overlaps strongly with the K  shell electrons, and 
from an assumption for the initial distribution of 
angular momentum states I.
The influence of the medium in which the pion­
ic atom is formed is manifested in a number of 
ways. Since the binding energy of a pion is pro­
portional to Z 2, a pion captured by hydrogen may 
be transferred to a more tightly bound orbit around
a nucleus of higher Z. This means that deexcita­
tion of pionic hydrogen ptr by electromagnetic pro­
cesses and subsequent nuclear capture of the pion 
by the proton are in competition with the transfer 
process,
p r r+ Z —►P+Z7T .
Experimental studies5,6 have shown that transfer of 
pions does occur in chemical compounds, mixtures 
of compounds, and gas mixtures. Chemical and 
physical effects have been observed6-8 by measur­
ing the intensities of x-ray lines emitted from 
selected elements in various compounds and mix­
tures and comparing the ratios of the summed in­
tensities of a series for the same pair of elements in 
different samples or by comparing the relative in­
tensities of the lines in a series for the same ele­
ment in different samples.
A mesomolecular model has been developed by 
Ponomarev and Schneuwly et a/.9-11 to explain 
the observed features of pion capture on chemical 
compounds. Several versions of this model are dis­
cussed in Sec. IV B, and in Sec. IV C the model is 
extended to include transfer from pionic hydrogen.
When a pion reaches the lowest atomic orbits, its 
distribution overlaps with that of the nucleus. A 
nuclear interaction can then take place, causing 
disintegration of the nucleus and emission of 
short-range charged particles and longer-range neu­
trons and y  rays.12 The charged-particle spectra 
produced from pion interactions in carbon and ox­
ygen are significantly different,13 although the neu­
tron spectra are quite similar.14 Since biological 
tissues consist predominantly of hydrogen, carbon, 
and oxygen, the emphasis of this work is placed on 
understanding the process of pion capture in 
simpler materials consisting of these three ele­
ments.
25 3262 ©1982 The American Physical Society
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TABLE I. Energies of the pionic Balmer series in 
carbon, nitrogen, and oxygen.
Transition
Energy
(keV)
Carbon 3—>2 18.39
4—*2 24.82
5—2 27.79
6—>2 29.40
Nitrogen 3—>-2 25.10
4—*2 33.86
5—2 37.91
6—>-2 40.11
Oxygen 3—*2 32.84
4—>2 44.31
5—>-2 49.61
6—2 52.48
B. Outline of this experiment
We have measured the relative intensities of lines 
in the Balmer series emitted by pionic atoms of 
carbon and oxygen in a range of samples. For 
some samples we have also measured the intensities 
of the Balmer series in nitrogen. It is not feasible 
to study the pionic Lyman series because of the 
very considerable broadening of the Is atomic level 
due to the nuclear absorption of pions from this 
level. For these light elements the nuclear shifts
TABLE II. Energies of the muonic Lyman series in 
carbon, nitrogen, and oxygen.
Energy
Transition (keV)
Carbon 2—>1 75.26
3—1 89.22
4—1 94.10
5—1 96.35
6—1 97.57
Nitrogen 2—1 102.53
3—1 121.56
4—1 128.21
5—1 131.29
6—1 132.97
Oxygen 2— 1 133.95
3—1 158.85
4—1 167.55
5—1 171.58
6—1 173.77
and widths of the 2p and higher levels are negligi­
ble3 and the effect of electron screening is also 
negligible. It is easy to calculate the energies of 
the lines and these are given in Tables I and II.
The summed intensities in the Balmer series are 
taken to be proportional to the total capture proba­
bility for a particular element. This assumption is 
valid if the last few transitions do indeed populate 
circular orbits and there is relatively little popula­
tion of the 2s level and the higher np states (« > 2). 
For an isolated atom, conventional cascade calcula­
tions indicate that this is the case, but if a pionic 
molecular orbit is formed with high tt, the selec­
tion rules and the angular momentum distribution 
at the beginning of the cascade could be changed. 
We seek first to use the summed intensity ratios to 
establish whether molecular orbits are formed. 
Analysis of the intensity variations within the Bal­
mer series for each sample and the consequences 
for the cascade calculations will be reported later.
We have been able to make a few measurements 
with muons. In this case we can observe the Ly­
man series, and the energies of the relevant lines 
are given in Table II. The summed intensity of the 
Lyman series will be proportional to the atomic- 
capture probability provided that there is relatively 
little population of the 2s level.
In pionic atoms there is a possibility of direct 
nuclear capture on hydrogen of pions in highly ex­
cited molecular orbits.1,10 This means that the 
probability of transfer to a heavier atom would be 
reduced in comparison to the transfer in muonic 
atoms, and hence, in molecules containing hydro­
gen, the carbon-to-oxygen capture ratio for pions 
and muons need not be the same. The same com­
ment applies to any other ratio of captures.
II. EXPERIMENTAL PROCEDURE
A. Experimental arrangement
The experiment was performed using the 
biomedical pion channel15 at the the Tri-Univer­
sities Meson Facility (TRIUMF) Laboratory, Van­
couver. For the experiment the channel was tuned 
to a momentum of 170+10 MeV c_1 which, with a 
beam current of 30 fiA , produced an incident flux 
of approximately 2 x  108 particles s-1 . Beam con­
tamination at this momentum amounted to 40% 
electrons and 5% muons.
A conventional counter telescope, schematically 
illustrated in Fig. 1, was used to detect pions stop­
ping in the target. It consisted of a triples tele-
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FIG . 1. Schematic diagram of the experimental ar­
rangement.
scope, including a lead collimator, to define the 
beam incident upon the target which was set in an­
ticoincidence with a high-efficiency counter 
mounted immediately behind the target. An addi­
tional coincidence was set up between the counter 
telescope and a pion time-of-fight (TOF) signal to 
reduce false triggers arising from muon or electron 
stops within the target. To maximize the number 
of pions stopping in the target, 79 mm of alumi­
num energy degrader was included between the 
second and third elements of the telescope. This 
provided a pion stopping profile within the target 
with a full width at half maximum (FWHM) of 20 
Kgm ~2. \
Rectangular targets with dimensions 140x60 
X 10 mm3 were mounted at an angle of 30° to the 
incident beam direction, perpendicular to the x-ray 
detector axis. In this orientation they presented an 
area of 60x60 mm2 to the beam and had an effec­
tive thickness of 20 mm. Solid targets were posi­
tioned in the beam by clamping them at the base 
in a small aluminum vice. The remaining targets, 
mainly powders, were contained within a rectangu­
lar aluminum frame with thin (25 /zm) aluminum 
foil beam windows.
Photons emitted from the target were detected 
using a horizontally mounted hyperpure germani­
um (HPGe) detector with an active area of diame­
ter 25 mm and active depth of 10 mm situated at a 
distance of 170 mm from the center of the target. 
The resolution of this detector was approximately 
450 eV at 6 keV and 850 eV at 122 keV. The 
detector was surrounded by layers of aluminum, 
lead, and borated wax to provide shielding against 
x rays emitted from the organic scintillators and 
fast neutrons. Damage to the detector crystal 
caused by neutrons emitted from the target could 
not be avoided, and during the course of the exper­
iment some degradation of the detector resolution 
was observed, though this did not seriously affect 
the analysis.
Analog signals from the HPGe detector were ac­
cumulated on a 1024-channel analyzer calibrated 
over the range from 6 to 140 keV. Operation of 
the analyzer was gated by a suitably delayed coin­
cidence between the pion stop signal from the 
counter telescope and a fast timing signal from the 
detector. A gate width of 100 ns was found ade­
quate to collect more than 95% of the detector 
analog signals corresponding to pion stops.
During typical operation with a proton beam 
current of 30 /zA and using a carbon production 
target the pion stopping rate was approximately 
104 counts s-1 and the counting rate in the 
analyzer 10 counts s-1 . Spectra were accumulated 
for approximately 2 X108 stopping counts and at 
the termination of each irradiation were written 
onto floppy disk for subsequent analysis. In addi­
tion to the chemical targets, spectra were also ob­
tained from a beryllium target to enable back­
ground subtraction to be made.
In order to make measurements with muons, 
some minor changes to the system were required. 
Specifically, the thickness of energy degrader was 
increased to 127 mm and the TOF coincidence was 
adjusted to trigger on muon stops. Because of the 
higher energy of the muonic x rays the analyzer 
calibration was extended to cover the range 6—300 
keV. Irradiation times were also increased to com­
pensate for the lower proportion of muons in the 
beam, 5% compared with 55% pions.
B. Choice o f targets
Because we are making a relative measurement, 
i.e., the ratio of captures in two elements, the 
chosen targets must contain at least two elements 
other than hydrogen. The emphasis throughout is 
on the ratio of captures in carbon and oxygen and 
therefore most of the samples consist of carbon, 
oxygen, and hydrogen. It was necessary that the 
materials be available as solid blocks, powders, 
solids crushable into powders, or exceptionally as 
stable liquids.
A list of target materials and their chemical 
composition is given in Table III. The series of di- 
carboxylic acids was chosen to allow investigation 
of the role of hydrogen and also because of the 
biological importance of saturated fatty acids. The 
cyclic acid anhydrides were chosen to allow com­
parison of single and double bonds between carbon
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TABLE III. Chemical composition of target materials.
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(1) Dicarboxylic acids 
Malonic acid 
Succinic acid 
Glutaric acid 
Adipic acid 
Pimelic acid
COOH (CH2)„COOH 
n = \ 
n=2 
n= 3 
n= 4 
n= 4
(2) Cylic acid anhydrides 
Maleic anhydride
/ c\ °  
CP >C.H / , Q
Succinic anhydride n=2
Glutaric anhydride n= 3
(3) Saccharides
2>( -h) Xylose (pentose) C5Hi0O5
D( + )  Glucose (hexose) C6Hi20 6
D( +  ) Mannose (hexose) C6H12C>6
Sucrose (disaccharide) C,2H22On
D( + )  Trehalose dihydrate
(disaccharide) Ci2H220n-2H20
(4) Compounds not containing hydrogen
Carbon dioxide (dry ice) C02 covalent
Sodium fluoride NaF ionic
.0
(c h 2)„
rc'
(5) Amino acids
H
H-
H
I
H
^N+-<p-C
o
R \0‘
Glycine 
DL-a-Alanine 
DL-Valine 
L-Serine 
L-Cysteine
R = 
R = 
R = 
R = 
R =
- H
-C H 3
-CH(CH3)2
- c h 2o h
- c h 2sh
nonpolar side chain 
nonpolar side chain 
nonpolar side chain 
polar side chain 
polar side chain
(6) Perspex (polymethylmethacrylate) (c 5h 8o 2)„
atoms, and also because there are only CH bonds 
and no OH bonds in these molecules which may 
assist in the study of the role of hydrogen. The 
saccharides were chosen in order to study the ef­
fect of increasing the number of atoms whilst the 
C :0 ratio remained constant or nearly so. Since 
glucose and mannose are structural isomers, com­
parison of the results for these samples should re­
veal complex effects due to molecular structure. 
The saccharides are also important carbohydrates.
The amino acids are an important group of mol­
ecules which are essential components of protein 
molecules. In the cell, the free acids are normally 
ionized, with the carboxyl group (COOH) losing a 
hydrogen ion to become negatively charged and the 
amino group (NH2) gaining a hydrogen ion to be­
come positively charged. The character of the am­
ino acids is strongly influenced by the side chain, 
denoted by R. The form of the side chain R  for 
the chosen amino acids is given in Table III. Cer-
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FIG. 2. Typical x-ray spectrum for organic mole­
cules. This example is for malonic acid.
tain of the amino acids and saccharides are strong­
ly lyoluminescent, i.e., they emit light when dis­
solved after irradiation in the dry state, and this 
property has potential applications in dosimetry.
The rather difficult measurement with dry ice 
was attempted because it is important to study a 
molecule containing carbon and oxygen but no hy­
drogen. Sodium fluoride was chosen as a simple 
ionic molecule not containing hydrogen. A num­
ber of targets such as water, Be metal, and alumi­
num were used for calibration purposes.
Part of this experiment was concerned with the 
potential use of negative pions in radiotherapy, and 
for this reason several samples of animal tissues
__________________________________ I
- a / 2  ~b ~c/2 pd/2 ~{d2/4—h2)l/2
C — I dx I dy I dz dh , . . . .Jo Jo Jo Jo J —(d2/4—h2)1/2
where p E is the attenuation coefficient at photon 
energy E,
g (x ,y ,z ,h ,k )= R (y /L  +y) ,
£l(x,y,z,h,k)=(L + y )/R 3 ,
R 2=(L +y)2+ ( x - h ) 2
+ (z — k)2 ,
2?=0.5b (pp/ p ),
A =2.041 (p/pp ) .
In these expressions p is the density of the target
were irradiated and also several materials common­
ly used as tissue substitutes.16 The result of these 
measurements are discussed elsevyhere,17 except 
those for perspex.
III. ANALYSIS OF DATA AND 
RESULTS
A. Data analysis
Typical spectra are shown in Fig. 2. Peak areas 
under the pionic (or muonic) lines were determined 
from these spectra using a version of the gamma- 
ray analysis code S A M P O  (Ref. 18) which is imple­
mented at the University of London Computer 
Center. This code uses shape calibration lines ob­
tained from single intense peaks within the spec­
trum to fit a selected region of the data. Peaks are 
fitted with Gaussian centroids and exponential tails 
and the continuum under each peak or set of peaks 
is fitted with a parabola.
In order to obtain series intensity ratios from the 
measured peak areas, certain corrections were re­
quired, the most important of these being for self­
absorption in the target. This correction was for­
mulated by considering the variation of the pion 
(or muon) stopping profile within the target (as­
sumed to be Gaussian), the solid angle subtended 
by each element of area in the target to the detec­
tor and the attenuation experienced in each ray 
path within the target. Attenuation coefficients 
for the targets were obtained by using the mixture 
rule with elemental attenuation coefficients derived 
from the recent parametrization by Jackson and 
Hawkes.19 The self-absorption correction is given 
by
: exp[pEg{x,yyz,h,k)]exp[— A 2(y —B)2]Q.(x,y,z,h,k) ,
and pp is the density of the material in which the 
stopping profile is measured, {x,y>z) represent the 
cartesian coordinate system of the target of dimen­
sions (a X b X c ) with origin at the center, and 
(h,k) represent the coordinate system of the detec­
tor face whose origin was at the center of the face 
and a distance L  from the origin of the target 
along the axis of the detector.
Detector efficiency corrections were only re­
quired in obtaining intensity ratios for the muonic 
Lyman series which covers the energy range 
75 — 174 keV. In the energy range of interest for 
the pionic Balmer series, 18 — 52 keV, the detector
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response was found to be constant, within the ac­
curacy of the experimental efficiency measure­
ments. X-ray spectra taken with the beryllium tar­
get for both pions and muons indicated that there 
was no detectable contamination, from the organic 
components in the scintillators.
The principal source of uncertainty in these 
measurements arose from the determination of 
peak areas. The main factors influencing the accu­
racy of these determinations were the peak intensi­
ties and the complexity of the region in which the 
peak or peaks were situated. The percentage errors 
in the total series intensities, calculated by sampo, 
were generally in the range 3—5 % although indi­
vidual lines within the series showed a wide varia­
tion in percentage error from less than 3% for the 
low A n transitions. In some specific cases the er­
ror in the total series intensity was higher. This 
occurred, for example, in targets containing nitro­
gen, when lines of interest, the pionic 4—>2 line in 
carbon, and 3—>2 line in nitrogen were separated 
by an energy A £= 2 8 0  eV, less than the detector 
resolution, and could not be separately resolved by 
the analysis code. In such cases the combined 
peak was fitted and the individual intensities es­
timated on the basis of the intensities of other 
transitions in the series.
Uncertainties in the self-absorption correction 
were estimated by evaluating the integral with the 
mean values of the parameters concerned and also
TABLE IV. Ratio of captures in carbon to oxygen 
for pions incident on material containing only carbon, 
oxygen, and hydrogen, or carbon and oxygen.
Material C:0 capture ratio
Malonic acid 0.45+0.03
Succinic acid 0.62+0.03
Glutaric acid 0.83+0.03
Adipic acid 1.17±0.05
Pimelic acid 1.42±0.06
Maleic anhydride 0.79 ±0.04
Succinic anhydride 0.86±0.04
Glutaric anhydride 1.11 ±0.05
Xylose 0.57±0.04
Glucose 0.54+0.04
Mannose 0.73 ±0.04
Sucrose 0.62+0.03
Trehalose dihydrate 0.55±0.03
Carbon dioxide 0.19 ±0.03
Perspex 1 76±0.07
TABLE V. Ratios of captures in carbon to oxygen 
and of captures in nitrogen to oxygen for incident pions.
Material Capture ratio
CrO N:0
Glycine 0.58±0.03 0.42+0.11
Alanine 1.14+0.06 0.53+0.12
Valine 2.07+0.11 0.48+0.10
Serine 0.58±0.04 0.31+0.07
Cysteine 1.05 ±0.12 0.70±0.20
with one standard deviation added or subtracted 
from these parameters. This method indicated a 
percentage error of less than 1 % for the correction 
in almost all cases.
B. Results
The results obtained for the pion capture ratios 
are given in Tables IV and V. The uncertainties 
on the N :0 capture ratios are quite large for the 
reasons discussed in the preceding section but the 
uncertainties on the C:0 ratio are a few percent.
For sodium fluoride the ratio of captures in 
fluorine to. captures in sodium is
R (Z  = 9 /Z  =  11)=0.98±0.15 .
Table VI gives the capture ratios derived from 
the measurements with muons. On the whole, the 
agreement between our results, for pions and muons 
is not unsatisfactory. A detailed comparison with 
other muon results for tissue equivalent materials20 
has been given elsewhere.17
IV. FORMULAS FOR CAPTURE 
PROBABILITIES
A. Atomic models
By assuming that the negative pion slows down 
in a degenerate electron gas, Fermi and Teller2 de-
TABLE VI. Capture ratios for muons.
Material C:0 capture ratio
Malonic acid 0.49 ±0.03
Glutaric acid 0.98+0.06
Pimelic acid 1.47+0.10
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duced that the relative capture probability on 
atoms in a compound is proportional to the atomic 
number Z, i.e.,
W(Z)ozZ , (1)
so that for iV/ atoms of type Z,- in a molecule the 
molecular capture probability is given by
W(Zi)=NiZ i , (2)
and the ratio of capture probabilities in atoms of 
type Z j and Z 2 in the same molecule is
R = W { Z l)/W(Z2) . (3)
A reexamination of the derivation of the Fermi- 
Teller or Z  law leads to the expression11,21
IF (Z )ocZ 2/3. (4)
Further analyses along the same lines have led to 
the formulas
IF(Z)ccZ1/3log(0.57Z) , 
JF(Z)ccZ1/3log(1.15Z1/3)2
(5)
(6)
(Refs. 22 and 23, respectively), while the assump­
tion by Petrukhin et al,24 that the energy loss is 
proportional to the relative-stopping-power yields 
the expression
fV(Z)cc(Z1/3-l) . (7)
B. Molecular models
In the mesomolecular model, developed by Po­
nomarev, Schneuwly, and collaborators,9-11 it is 
assumed that pions captured by a chemical com­
pound can either be captured directly into atomic 
orbits or captured initially into molecular orbits lo­
cated in the same region as the valence electrons. 
The simplest expression for the atomic-capture 
probability of an atom Z,- is then given by11
IF(Z,-)«n,-+2 ,  (8)
where «,• is the number of core electrons, vt is the 
number of valence electrons, and o){ is the total 
probability for deexciting from the molecular orbit 
to an atomic orbit on an atom Z,-.
If the probability of all processes involving the 
pion in a molecular orbit except deexcitation is 
represented by co, we have
CO+ 2>/ = 1 . (9)
One model of the deexcitation process relevant to 
nonpolar covalent organic molecules yields11
(10)
For molecules containing only carbon, oxygen, and 
hydrogen this model gives u)h~ 10-2. If we as­
sume that co—0 we find
£»c~0.36, 6>o—0.64, con—0 (11)
We denote the mesomolecular model with these 
parameters inserted into Eq. (8) as mesomolecular 
model A. For the same types of molecules the Z  
law can be reproduced by inserting into Eq. (8) the 
values
ci)q—0.5, o)q—0.5, con—0 (12)
Because the electronegativity, which is the power 
of an atom to attract electrons to itself, is different 
for different atoms, covalent bonds may have a po­
lar character. In Table VII we give the electrone­
gativity differences for various single bonds and 
the corresponding percentage ionic character of the
TABLE VII. Electronegativity differences of certain single bonds and percentage ionic 
character (Ref. 25).
Bond Electronegativity difference Percentage ionic character
C - C 0 0
0 - 0 0 0 Nonpolar
C - H 0.4 4 covalent
S - H 0.4 4 bonds
C - N 0.5 6
N - H 0.9 19 Polar covalent
C - O 1.0 22 bonds
O - H 1.4 39
N a - F 3.1 91 Ionic bond
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bond. Schneuwly et al.n have suggested that this 
effect will give rise to localization of the pion in 
the molecular orbital near to the most*electronega- 
tive atom. For a bond Z j —Z 2, the localization 
probabilities are defined as11
Pi =  y ( l — o-), p 2 = j ( l+ (r )  , (13)
where Z 2 is the most electronegative atom and 
100a- is the percentage ionic character of the bond. 
The probability of capture from a mesomolecular 
orbit to an atomic orbit of atom Z \  then becomes
a i= p ,Z \ /{ p iZ \+ p 2Z l)  . (14)
Thus the effect of polarity is to reduce the capture 
probability for the least electronegative atom and 
increase it for the most electronegative atom.
In this paper, we are mainly concerned with 
molecules containing many atoms and hence the 
description of the polarity of the molecule and the 
localization of the mesomolecular orbital becomes 
much more complicated than in the case of a sin­
gle bond. We will therefore allow coc and co0 to 
vary from the values of Eq. (11) and examine the 
results to see if they are consistent with the predic­
tion of Eq. (14).
C. Hydrogen transfer
A hydrogenic pionic atom can be formed direct­
ly or via the molecular orbit. In the first case the 
capture probability per molecule is proportional to 
the number of hydrogen atoms multiplied by the 
atomic number of hydrogen; i.e.,
Wd (H )= N hZ h , (15)
where Z H =  1 and N H is the total number of hy­
drogen atoms in the molecule. In the second case 
the capture probability is obtained from Eqs. (2) 
and (8) as
Wjif(H.)=Njj<xvu6)jj, (16)
where vH=  1 is the valency and a  is a constant be­
lieved10 to lie in the range 1—2. From our previ­
ous discussion, we expect that atuH « 1 ,
w Dm » w M{ n ) . (17)
Because the binding energy of the pion in the 
atom is proportional to Z 2 the pion bound in a hy­
drogenic atom may be transferred to a more tightly 
bound orbit around a nucleus with higher Z. It 
has been proposed20 that this transfer takes place
to the nearest-neighboring heavy atom which will 
normally be the atom to which the hydrogen atom 
is bonded. Thus theltransfer probability T  per 
molecule.would be proportional to Hi = N ihi, 
where H, is the number of hydrogen atoms bonded 
to an atom of type Z,-. We write the transfer prob­
ability per hydrogen bond as 8,a, where 8,- is the 
number of electrons participating in the transfer 
process and a is the probability per electron for 
transfer from hydrogen to any heavier atom. The 
total transfer probability per molecule in this 
nearest-neighbor (NN) model is then given by
r NN(Z ,)= H /[lFZ)(H)/iVH38/fl, (18)
= N ihiZ llbia = N ihiSia . (19)
We have two extreme pictures of the process 
which indicate values for 8,-. In the simplest pic­
ture the pion is exchanged with one electron in the 
heavy atom so that
8/ =  l, for all i . (20)
Alternatively we may envisage a process involving 
the whole valence cloud, which contains 2v,- — 1 
electrons and one pion, so that
8,=2v, —1 . (21)
Another possibility is that 8/ might depend on the 
screened nuclear charge, i.e., 8/ =Z,- — «,• =  v,-. This 
value of 8/ falls between the two extreme cases 
given by Eqs. (20) and (21).
A different picture of the process arises if we 
consider the p v  system as a small neutral object 
which may detach itself from the original site of 
the hydrogen atom in the molecule and diffuse 
through the system. This suggests that the 
transfer probability per molecule can be written as
Tuo(Zi )= N ihl8ia , (22)
where hi is now some fraction of the total number 
of hydrogen atoms in the molecule. We do not 
know how this might depend on Z,-.
D. Total capture ratio in the 
mesomolecular model with transfer
The ratio per molecule of captures on atoms Z \  
to capture on atoms Z 2 can be obtained from Eqs. 
(3), (8), and (19) as
^ A 1(«1+2vi6)1+ ^ 18ifl)
iV2 (7i2 + 2 v 2o)2 + A 28 2a )
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FIG. 3. Experimental results for the C :0  atomic-capture ratio R plotted against the ratio N C:N0 of number of car­
bon atoms to number of oxygen atoms.
We have used this formula to interpret our data 
for organic molecules.
If a = 0  and oj, co2 are the same for all molecules 
containing atoms Z x and Z 2, Eq. (23) predicts that 
the relationship between R  and N \/N 2 is a straight 
line passing through the origin. This will be the 
case for the Z  law and for mesomodel A. Howev­
er, if hydrogen transfer is important and/or if co is 
dependent on molecular structure, discrepancies 
from a straight line relationship will be seen.
V. DISCUSSION OF THE RESULTS
A. General observations
In Fig. 3 we have plotted the experimental ratio 
R  of captures in carbon to captures in oxygen 
against the ratio N C:N0 of the number of carbon 
atoms to the number of oxygen atoms in each mol­
ecule for carbon dioxide, perspex, the saccharides,
the dicarboxylic acids, and the acid anhydrides; 
i.e., all the materials containing only C, O, and H. 
It is evident that although the expected trend of in­
creasing capture ratio with increasing N C'N0 is 
present, the results do not fall on a single straight 
line.
The Z  law is clearly inadequate. The largest 
discrepancy is an overestimate of 95% for carbon 
dioxide. For most, but not all, of the organic mol­
ecules the Z  law gives discrepancies of 20—25 %. 
The formulas for atomic-capture probabilities 
which attempt to improve on the Z  law do not im­
prove the agreement with the data. This can be 
seen from Table VIII where we give the relevant 
values for carbon monoxide and perspex; values for 
any other molecule can be obtained by adjusting 
the value of N C:NQ.
The mesomolecular model A is also inadequate 
and fails for carbon dioxide and perspex. In order 
to explore the effect of the molecular structure a 
little more, we have plotted in Fig. 4 the capture
TABLE VIII. Capture ratios predicted by the Z  law and modifications of the Z  law.
Corrected 
Z  law Daniel Vogel et ah Petrukhin et ah
Z  law (Ref. 21) (Ref. 22) (Ref. 23) (Ref. 24)
Perspex 1.88 2.06 1.84 2.06 2.12
Carbon dioxide 0.37 0.41 0.37 0.41 0.42
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R(exp)
6.01.0 2.0 3 -°  N /N  L0 
C H /‘nOH
5.0 7.00
FIG . 4. Experimental results for the CrO atomic-capture ratio R plotted against the ratio NCh;Noh of the number of 
carbon atoms plus nearest-neighbor hydrogen atoms to the number of oxygen atoms plus nearest-neighbor hydrogen 
atoms. The symbols are as defined in Fig. 3. The lines are drawn merely to guide the eye.
ratio R  against the ratio A c h ^ o h  where ^ c h  is 
the number of carbon atoms in the molecule plus 
the number of hydrogen atoms which are nearest 
neighbor to carbon, and similarly for N 0H. It is 
already clear from this figure that, if hydrogen 
transfer is important, the same parameters will not 
simultaneously describe the higher dicarboxylic 
acids and the acid anhydrides.
B. Result for carbon dioxide
The result for C 02 is particularly important be­
cause the question of hydrogen transfer does not 
arise. The Z  law and variations of the Z  law fail 
very badly, as can be seen by comparison of Tables 
IV and VIII. The mesomolecular model A is also 
unsatisfactory. Using Eq. (23) with h c = h o =0 v/e 
deduce the best value of coc to be
o)C= 0 .19 ±0.06 , (24)
with the restriction that <uc +  co0 = 1. This result 
is very important as it suggests that the relation 
coccZ2 may not be generally valid.
The explanation for this result can be found by 
inserting the value of the ionicity of the carbon- 
oxygen bond into Eqs. (13) and (14). For a single 
bond, with a =0.22 from Table VII, we find 
p c =0.39, p o=0.61, and hence o)C= 0.26. But
since the carbon dioxide molecule contains double 
bonds it may be more appropriate to take cr=0.44, 
which gives p c =0.28, Po = 0.12, and hence 
<uc =0.21. Thus the downward shift of coc is a 
clear indication of the influence of the polarity of 
the bonds and the sensitivity of the atomic-capture 
ratio to the electronic distribution in the molecule.
C. Result for sodium fluoride
Sodium fluoride is almost completely ionic in 
character. Thus measurement should therefore 
serve to confirm the significance of localization of 
the mesomolecular orbital. The ionicity given in 
Table VII, inserted in Eqs. (13) and (14), yields a 
capture ratio of 0.97 while complete ionicity yields 
a capture ratio of 1.0, both of which are in excel­
lent agreement with the experimental result. The 
Z  law yields the low value of 0.82.
D. Hydrogen transfer
Inclusion of hydrogen transfer is not straightfor­
ward because, although we have given in Sec. IV C 
a number of plausible pictures of the process, there 
is no quantitative theory which predicts values for 
the parameters. We concentrate here on the ver­
sions of nearest-neighbor transfer.
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TABLE IX. Hydrogen-transfer probability a deduced from the pion data.
6= 1
o)C=0-36
8 = 2 v — 1 
coc=0.36
8 = 2 v — 1 
o)c=0.23
Xylose 0 0.00±0.05 0.19+0.06
Glucose -0 .3 7 -0 .04+ 0 .05 0.16±0.05
Mannose 2.42 0.21 ±0.06 0.44+0.06
Sucrose 0 0.00 ±0.04 0.19+0.04
Trehalose dihydrate 0.36 0.03 ±0.05 0.24 ±0.05
Malonic acid 4.6 0.07 ±0.07 0 .42±0.11
Succinic acid 0.62 0.07 ±0.04 0.30±0.05
Glutaric acid 0.85 0.10+0.03 0.28±0.04
Adipic acid 1.91 0.22±0.04 0.40±0.04
Pimelic acid 2.00 0.23±0.04 0.40±0.04
Maleic anhydride 0.39 0.06 ±0.07 0.43 ±0.09
Succinic anhydride 0.63 0.09 ±0.05 0.29±0.04
Glutaric anhydride 0.69 0.10±0.03 0.26 ±0.03
Perspex 0.23±0.02
In Table IX we give the values of the transfer 
parameter a deduced from the pion data for the 
molecules containing only C, O,. and H for two 
values of coc and with coc + co0 = 1. These results 
suggest that the parameter a is quite sensitive to 
the choice of coc and may depend on the molecular 
structure. In order to examine this point further 
we have made X2 fits to the data, for each group of 
similar molecules and for the whole set. The 
parameters were constrained so that 0<coc < 1,
O<co0 < l f 0<ci <1. This procedure yields the fol­
lowing results.
(i) For coq +  co0 = 1, 8 = 2 v — 1. It is not possible 
to obtain a really good overall fit with two param­
eters CY2—5), and taking ac^=aQ does not change 
the overall agreement very much. From Table X it 
can be seen that the saccharides give ac =0, 
ac ~ 0.29, while the acid anhydrides give a c ~0.13, 
and the dicarboxylic acids require large values of 
both ac and aQ.
TABLE X. Values of coc, ac , and a0 obtained by fitting the pion and muon data and as­
suming that (oc +  o>o= 1, 8 = 2 v — 1. The first row for each group corresponds to the con­
straints a)c=0.25, ac=a0) and the second row corresponds to the constraint ac =ao with coc 
varied. For the third row, all three parameters are varied.
&c ac ao X2
Acid anhydrides 0.25 0.258 a 0.98
0.335 0.130 a \ 0.00
Dicarboxylic acids 0.25 0.340 0.340 2.90
0.306 0.256 0.256 2.75
0.325 0.265 0.513 2.75
Saccharides 0.25 0.192 0.192 4.03
0.375 0.000 0.000 4.00
0.415 0.000 0.285 3.98
All the above 0.25 0.266 0.266 5.40
0.263 0.247 0.247 5.59
0.290 0.254 0.591 4.85
aNo transfer occurs to oxygen.
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TABLE XI. Values of o)C deduced from the pion data for fixed values of a and assuming 
that o)C +  0)O— 1.
a 6>C
Maleic anhydride 0.25 0.29 ±0.03
Succinic anhydride 0.25 0.26+0.03
Glutaric anhydride 0.25 0.24±0.03
Malonic acid 0.25 0.28+0.03
Succinic acid 0.25 0.26+0.03
Glutaric acid 0.25 0.25+0.03
Adipic acid 0.25 0.34±0.03
Pimelic acid 0.25 0.35 ±0.03
Xylose 0 0.36±0.03
Glucose 0 0.33±0.02
Sucrose 0 0.36+0.03
Trehalose dihydrate 0 0.38±0.02
Mannose 0 0.49 ±0.03
Mannose 0.25 0.34±0.03
(ii) For cdq +  co0 — 1, 5 =  1. The agreement with 
all the data is comparable to case (i) but coc in­
creases and a or ac tends to the limiting value of 
unity. When ac¥=ao the dicarboxylic acids and 
anhydrides require ac < 1.0, a0 =0 , while the sac­
charides require ac = 0, a o ~0.5. In all cases 
coq > 0.36 so that this model would not yield agree­
ment with the result for carbon dioxide. If, how­
ever, we allow a > 1, an overall description can be 
obtained with a lower value of cdc• This can be 
seen from the last line of Table X, where
Sc^c— &oao —1-77.
(iii) For coc =a)0 —0.5. With 8=  1 or 8 = 2 v — 1 
and ac —aQ the values predicted are always above 
the Z  law. It is not possible to fit the acid anhy­
drides with any variation of ac^ a 0 , but it is pos­
sible to fit the saccharides with 8 = 2 v —1, a c =0,
andao~l-0.
(iv) For 0.8 < (coc +  a>o) < 1. When we allow 
(<Uc+<uo) to fall below unity, in order to allow for 
a significant value of coH +  co, there is no signifi­
cant change in the results for 8= 2 v — 1. For 8=1,
R (exp) 
R (Z  law)
$  N / 0  I  C /0  I  C /N
0.5
SER IN E CY STEIN E ALANINEGLYCINE VALINE
FIG . 5. Experimental results for the C :0 , N :0 , and C:N capture ratios for the amino acids divided by the theoreti­
cal ratio given by the Z  law.
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TABLE XII. Values of R(exp) divided by /? (theory) for capture in carbon and oxygen in 
the amino acids.
R (exp)//? (mesomodel) /?(exp)//?(mesomodel)
/?(exp)//?(Z law) a)c=0.25, o)o=0.38, coc=0.25, wo =0.75,
<yc =0.5 , a = 0 o>n=0.37 <Ujsi=0
Glycine 0.77±0.04 0.85+0.05 0.89±0.05
Serine 0.77+0.05 1.00+0.06 0.92+0.05
Cysteine 0.93±0.10 0.97±0.12 0 .98±0.12
Alanine 1.01+0.05 1.04+0.06 1.09+0.06
Valine 1.11+0.06 1.08+0.05 1.06+0.05
(coc +  <u0) falls to the lower limit for the dicar­
boxylic acids, while the acid anhydrides show a 
much smaller fall and the saccharides show a 
negligible fall. The change occurs primarily in co0 
but the agreement with the data is not significantly 
improved.
E. Molecular dependence of parameters
It can be seen from Tables IX and X that the 
parameter a is very sensitive to molecular struc­
ture. So far we have assumed that coc and coQ are 
at least constant for a group of similar molecules 
and possibly constant for all samples. In Table XI 
we give the values of coc deduced with coc 4- coo= 1 
and the values of ac = a0 indicated from Table X. 
Again we see a variation through the group of di­
carboxylic acids.
F. Results for the amino acids
In Fig. 5 we have plotted the ratios for capture 
in carbon and oxygen, carbon and nitrogen, and ni­
trogen and oxygen, divided by the ratios predicted 
by the Z  law. The horizontal axis is used simply 
to spread out the results, but the ordering of the 
results does correspond to increasing ratios of 
carbon-to-nitrogen atoms and carbon-to-oxygen 
atoms. It is clear that the Z  law again fails to fit 
the data and the discrepancy is most marked in the 
case of cysteine where there is an extra heavy atom 
(sulfur).
We have calculated the ratios for capture in car­
bon and oxygen using the mesomolecular model 
with the value coc = 0.25 deduced from the mole­
cules containing only C, O, and H. Quite good 
agreement with the data is obtained with 6>o =0.38, 
and a c =0.16, a o =0.24 as can be seen from Table
XII. Using Eq. (9), with Z> +  mH= 0, we obtain 
£on =0.37. Using these values of mN and co0 and 
a N =0.066, we predict N :0 capture ratios of 0.48 
for glycine, alanine, and valine, and 0.31 for serine; 
all of these values are in very good agreement with 
the data as can be seen from Table V. A margin­
ally better fit to the C:0 capture ratios is obtained 
with fyo =0.75, ac = 0.27, a o =0-30, and o)n=0, 
a N =0.31. The zero values for a N or are 
presumably related to the ionization of the mole­
cule and reinforce the necessity for a molecular 
model.
VI. CONCLUSIONS
We have the following.
(a) The Z  law and its variations fail to fit the 
data.
(b) The Z  law plus nearest-neighbor transfer 
also fails to give an overall fit to the data for the 
molecules containing hydrogen. A subset of the 
data can be fitted if the transfer takes place only to 
oxygen atoms.
(c) The mesomolecular model contains an essen­
tial feature which makes possible a fit to the data 
provided that hydrogen transfer is taken into ac­
count. This feature is the redistribution of the 
contribution of the valence electrons, since
4- 2vccoc < Z c and Hq 4- 2vq(Oq >Zq.
(d) The probability for atomic capture from the 
mesomolecular orbit is not proportional to Z 2.
The values wc ~ 0.23—0.27, (Oq~0.11
— 0.73 appear to give satisfactory overall represen­
tation of our data for organic molecules containing 
only C, O, and H. For the ionic molecule NaF the 
values <yF~0.93, ct)Na~0.07 reproduced the capture 
ratio. It appears that the parameter co is sensitive 
to the electronic structure of the molecule in a 
manner which relates to the localization of the 
mesomolecular orbital near to atoms of high elec­
tronegativity.
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(e) Hydrogen transfer is essential to explain our 
data. The choice 8 = 2 v —1 may be preferred, indi­
cating that the whole cloud of valence electrons 
participates in the transfer process. The transfer 
parameter a is very sensitive to molecular structure 
and different parameters for CH and OH bonds 
may be indicated.
Our overall conclusion is that molecular effects 
play an important role in pion capture in organic 
materials. Because these effects are both subtle 
and complicated, further work is needed to eluci­
date details of the capture and transfer processes 
and their influence on the subsequent atomic cas­
cade. Our results should serve as a starting point 
and guide for further studies.
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